Phase equilibria in the helium-carbon dioxide, -argon, -methane, -nitrogen, and -oxygen systems. by Liu, Ker Fah
»^7rp 
••%, 
In presenting the dissertation as a partial fulfillment of 
the requirements for an advanced degree from the Georgia 
Institute of Technology, I agree that the Library of the 
Institute shall make it available for inspection and 
circulation in accordance with its regulations governing 
materials of this type. I agree that permission to copy 
from, or to publish from, this dissertation may be granted 
by the professor under whose direction it was written, or, 
in his absence, by the Dean of thje Graduate Division when 
such copying or publication le~ solely for scholarly purposes 
and does not involve potential financial gain. It is under-
stood that any copying from, or publication of, this dis-
sertation which involves potential financial gain will not 
be allowed without written permission. 
7/25/68 
PHASE EQUILIBRIA IN THE HELIUM-CARBON DIOXIDE, 
-ARGON, -METHANE, -NITROGEN, AND -OXYGEN SYSTEMS 
A THESIS 
Presented to 
The Faculty of the Graduate Division 
"by 
Ker Fah Liu 
In.Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy in the School of Chemical Engineering 
Georgia Institute of Technology 
July, 1969 
PHASE EQUILIBRIA IN THE HELIUM-CARBON DIOXIDE, 
•ARGON, -METHANE, -NITROGEN, AND -OXYGEN SYSTEMS 
Approved: 
JL. \ , 
• » * • n j vj» 




I wish to thank Dr. W. 1. Ziegler, my thesis advisor, for his 
patient and understanding guidance in the laboratory and in the class-
room. He generated my interest in phase equilibria, pointed out this 
particular problem, and helped constantly during the course of this 
work. He taught me the experimental techniques and attitudes necessary 
to initiate and carry out a research project. I also wish to thank him 
for making possible the financial support received by me throughout the 
period of this work. 
My fellow students also contributed with a helping hand or a 
responsive mind to this work. In particular, I wish to thank Dr. J. C. 
Mullins for helping with the learning of the operation of the apparatus, 
and with the computer programs. To Dr. B. S. Kirk who built the equip-
ment and who, together with Dr. Mullins, developed many of the computer 
programs, I am also indebted. Others I wish to thank are Mr. Richard J. 
Holt, Dr. D. W. Yarborough, Mr. James D. Garber, and Mr. George Nelson 
Brown, Jr. 
I wish to thank Dr. Frederick Bellinger of the Engineering 
Experiment Station and Dr. Homer V. Grubb of the School of Chemical 
Engineering of the Georgia Institute of Technology, for providing funds 
for this work. I also am indebted to the Standard Oil Company of 
California for their Chemical Engineering Fellowship for 1966-67. I am 
grateful to the Rich Electronic Computer Center for the use of their 
facilities and for providing part-time employment. 
Ill 
Finally, I wish to thank Dr. H. A. McGee, Jr., and Dr. W. M. 
Newton for serving on the Reading Committee. 
IV 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS 1± 
LIST OF TABLES v i 
LIST OF FIGURES i x 
NOMENCLATURE x i 
SUMMARY x v 
Chapter 
I. INTRODUCTION ± 
Background and Statement of Problem 
Selection of Systems for Study 
II. EXPERIMENTAL .APPARATUS 1 0 
General Description of Apparatus 
Experimental Procedure 
III. EXPERIMENTAL RESULTS AND DISCUSSION 17 
Experimental Results 
Discussion of Results 
IV. THEORETICAL CALCULATION OF THE ENHANCEMENT FACTOR . . . . 25 
Introduction 
Calculation of Virial Coefficients 
Calculation of the Third Virial Coefficient 
V. INTERACTION SECOND VIRIAL COEFFICIENT 1+2 
General 
Interaction Second Virial Coefficient from Phase Equilibria 
Data 
Results of Bj_p Extraction from Phase Equilibria Data 
VI. COMPARISON OF EXPERIMENTAL AND PREDICTED ENHANCEMENT FACTORS 72 
VII. CONCLUSIONS AND RECOMMENDATIONS 83 
Conclusions 
Re commendati oris 
V 
TABLE OF CONTENTS (continued) 
Page 
APPENDICES 88 
A. EXPERIMENTAL VAPOR PRESSURE OF ARGON AND CARBON DIOXIDE . 89 
B. HELIUM-ARGON SYSTEM MEASUREMENTS 93 
C. CALIBRATION OF GAS CHROMATOGRAPH 95 
D. SUMMARY OF EXPERIMENTAL DATA FOR THE HELIUM-CARBON 
DIOXIDE SYSTEM 1 0 0 







F. SUMMARY OF SMOOTHED EXPERIMENTAL AND THEORETICAL 
ENHANCEMENT FACTORS, AND SMOOTHED EXPERIMENTAL SOLUBILITY 
OF HELIUM ±kl 
G. THEORETICAL ENHANCEMENT FACTOR OF OXYGEN IN HELIUM . . . 157 
H. LEAST-SQUARES FIT OF B 1 2 TO LENNARD-JONES (6-12) 
PARAMETERS 161 




BIBLIOGRAPHY ^ 9 
VITA 1 7 9 
vi 
LIST OF TABLES 
Table Page 
1. Third V i r i a l Coef f ic ien t of Argon a t 108.02°K +̂0 
2. B for the Hydrogen-Methane System k6 
3- B-.p for the Helium-Carbon Dioxide System 52 
k. B _ for the Helium-Argon System 55 
5. B-.p for the Helium-Me thane System „ 58 
6. Enhancement Factor of Nitrogen in Helium at 60 Atmospheres 
and 77°K . . ' . . . . 60 
7- B p for the Helium-Nitrogen System 63 
8. B p for the Helium-Oxygen System 66 
9. Least-Squares Fit of B to LJCL (6-12) Parameters (T ̂  
300°K) . 68 
10. Ratio of Least-Squares Fitted Interaction LJCL (6-12) 
Parameters to those Given by Combination Rules (T ̂  300°K). 70 
11. Experimental Vapor Pressure of Argon 90 
12. Experimental Vapor Pressure of Carbon Dioxide 91 
1.3. Composition of "Standard" Samples . . . . 99 
1̂ 4. Experimental Vapor Phase Equilibrium Compositions in the 
Helium-Carbon Dioxide System . . . . . 101 
15. Lennard-Jones (6-12) and Kihara Core Parameters 108 
16. Least-Squares Fit of the Molal Volume of Liquid Carbon 
Dioxide 117 
17. Vapor Pressure, Molal Volume of Solid and Liquid Carbon 
Dioxide 118 
18. Vapor Pressure, Molal Volume of Solid and Liquid Argon . . 123 
19- Least-Squares Fit of the Molal Volume of Liquid Methane . . 128 
VI1 
LIST OF TABLES (continued) 
Table Page 
20. Vapor Pressure, Molal Volume of Solid, and Liquid Methane . 129 
21. Least-Squares Fit of the Molal Volume of Liquid Nitrogen . 133 
22. Vapor Pressure, Molal Volume of Solid and Liquid Nitrogen . 13̂ -
23. Least-Squares Fit of the Molal Volume of Liquid Oxygen . . 139 
2k. Vapor Pressure, Molal Volume of Solid and Liquid Oxygen . . 1^0 
25. Smoothed Experimental, Theoretical Enhancement Factor of 
Carbon Dioxide in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Carbon Dioxide 1̂ 2 
26. Smoothed Experimental, Theoretical Enhancement Factor of 
Argon in Helium, and the Smoothed Experimental Solubility 
of Helium in Liquid Argon 1̂ 5 
27. Smoothed Experimental, Theoretical Enhancement Factor of 
Methane in Helium, and the Smoothed Experimental Solubility 
of Helium in Liquid Methane lk-7 
28. Smoothed Experimental, Theoretical Enhancement Factor of 
Nitrogen in Helium, and the Smoothed Experimental Solubility 
of Helium in Liquid Nitrogen 152 
29. Smoothed Experimental, Theoretical Enhancement Factor of 
Oxygen in Helium, and the Smoothed Experimental Solubility 
of Helium in Liquid Oxygen 155 
30. Theoretical Enhancement Factor of Oxygen in Helium Calcu-
lated with the LJCL Model 158 
31. Least-Squares Fit of B]_2 f°r "the Helium-Carbon Dioxide 
System to LJCL (6-12) Parameters (T £ 300°K) 162 
32. Least-Squares Fit of Bjp for "the Helium-Argon System to 
LJCL (6-12) Parameters (T ̂  300°K) 163 
33. Least-Squares Fit of B-jo for the Helium-Methane System to 
LJCL (6-12) Parameters (T <: 300°K) l6U 
3^. Least-Squares Fit of Bjp for the Helium-Nitrogen System to 
LJCL (6-12) Parameters (T < 300°K) 165 
35- Least-Squares Fit of B-jo for the Helium-Oxygen System to 
LJCL (6-12) Parameters (T £ 300°K) 166 
VI11 
LIST OF TABLES (continued) 
Table Page 
36. Least-Squares Fit of B]_2 for the Helium-Carbon Dioxide, 
-Argon, -Methane, -Nitrogen, -Oxygen Systems to LJCL (6-12) 
Parameters 3_̂Y 
IX 
LIST OF FIGURES 
Figure Page 
1. Schematic Diagram of Phase Equilibrium Apparatus n 
2. Experimental Enhancement Factor of Carbon Dioxide in Helium 
at l8l.05°K 18 
3. Experimental Enhancement Factor of Carbon Dioxide in Helium 
at 190.03°K 19 
k. Experimental Enhancement Factor of Carbon Dioxide in Helium 
at 199.95°K 20 
5. Experimental Enhancement Factor of Carbon Dioxide in Helium 
at 220.31°K 21 
6. Graphical Determination of Interaction Second Virial 
Coefficient kS 
7- B-. p for the Helium-Carbon Dioxide System 51 
8. B p for the Helium-Argon System 5U 
9. B.. p for the Helium-Me thane System 57 
10. B-. p for the Helium-Nitrogen System 62 
11. B, p for the Helium-Oxygen System 65 
12. Theoretical and Experimental Enhancement Factors in the 
Helium-Carbon Dioxide System 75 
13. Theoretical and Experimental Enhancement Factors in the 
Helium-Argon System 77 
ik. Theoretical and Experimental Enhancement Factors in the 
Helium-Methane System 78 
15- Theoretical and Experimental Enhancement Factors in the 
Helium-Nitrogen System 80 
l6. Theoretical and Experimental Enhancement Factors in the 
Helium-Oxygen System 8l 
17- Experimental Enhancement Factor in the Helium-Argon System 
(Check Run) 9U 
LIST OF FIGURES (Continued) 
gure Pag 
18. Calibration Curve for Carbon Dioxide in Helium 97 
19. Second Virial Coefficient of Helium 110 
20. Third Virial Coefficient of Helium 112 
21. Second Virial Coefficient of Carbon Dioxide 113 
22. Second Virial Coefficient of Argon 121 
23. Second Virial Coefficient of Methane 125 
2k. Second Virial Coefficient of Nitrogen 131 
25. Second Virial Coefficient of Oxygen 137 
XI 
NOMENCLATURE 
Used as a constant in Equation (lV-5) 
Second virial coefficient; see Equation (lV-6) 
Second virial coefficient calculated from classical 
Kihara core model (6-12); see Equation (lV-23) 
Reduced classical second virial coefficient from LJCL 
(6-12) intermolecular potential function (also written 
B*(T ); see Equation (lV-15) 
OL 
First, second, and third reduced translational quantum 
corrections for the second virial coefficient from LJCL 
(6-12) intermolecular potential function; see Equation 
(IV-29) and Equation (lV-30) 
Reduced translational quantum second virial coefficient 
for an ideal gas; see Equation (lV-33) 
Used as a constant in Equation (lV-5) 
Volumetric parameter in LJCL (6-12) intermolecular 
potential function; see Equation (lV-13) 
Coefficients for series representation of F ; see Equation 
(IV-25) S 
Third virial coefficient; see Equation (lV-6) 
Weighting factors in least-squares fit; see Table 16 
Reduced classical third virial coefficient from LJCL 
(6-12) intermolecular potential function (also written 
c£L(T*)); see Equation (lV-l8) 
Used as a constant in Equation (lV-5) 
Energy parameter in LJCL (6-12) intermolecular potential 
function; see Equation (lV-10) 
Energy parameter in LJCL (6-12) intermolecular potential 
function; units are °K 
Reduced functions for second virial coefficient from 
Kihara core model (6-12); see Equation (lV-2̂ -) 
Xll 
Free energy of 1 mole of gas 
Used as peak height on chromatogram 
Summation index integer 
Kihara core model (6-12), see p. 33 
Kihara core model with quadrupole, see p. 36 
Boltzmann constant = I.380308 x 10 erg/ K molecule 
Lennard-Jones classical model, see p. 31 
Lennard-Jones classical model with (e/k) 0 adjusted, see 
p. 37 1'~ 
Natural (base e) logarithm 
Common (base 10) logarithm 
Molecular weight 
Core parameter in Kihara core model 
Mass of molecule, M/N 
xTu 
23 
Avogadro's number 6.0238 x 10 ' molecules/gm mole 
Number of gm moles 




Vapor p r e s s u r e of component 1 
Gas cons tan t = 0.082057*+ l i t e r - a t m / g m mole-°K 
Intermolecular distance measured between centers of molecules 
Core parameter in Kihara core model 
Summation index integer; also dummy variable in Equation 
(IV-2U) and attenuation factor on chromatograph (see 
Appendix C) 
Temperature ( K) 
Xlll 
* / 
T = kT/e 
U /k = Energy parameter in Kihara core model (6-12): units are 
o oK 
U = Intermolecular potential energy 
V = Total volume of gas 
00 
V = Molal volume of gas at pressure sufficiently low to "behave 
ideally 
V = Molal volume of gas mixture 
m 
V = Molal volume of component 1 gas 
Vp = Molal volume of component 2 gas 
V. = Partial molal volume of component i 
V = Core parameter in Kihara core model 
V = Molal volume of component 1 gas at its vapor pressure, p 
v = Molal volume of condensed phase 
x = Mole fraction in condensed phase; also independent 
variable in general least-squares fit 
y = Mole fraction in gas phase; also independent variable in 
general least-squares fit 
Z = Compressibility factor, PV/nRT; also (U /k:T) in Kihara 
core model 
Greek Letters 
a. . = Coefficients in least-squares fit; see Table l6 
ij 
a = Defined by Equation (V-2) 
(3 = Defined by Equation (V-3) 
T = Gamma function Equation (lV-l6) 
y' = Activity coefficient of component 1 in liquid solutions 
referred to the pure liquid component at the system pres-
sure and temperature 
-* 
A = Translational quantum mechanical parameter; see Equation 
(IV-28) 
XIV 
p = Used as shortest distance between molecular cores in 
Kihara core model 
p = Shortest distance "between molecular cores at minimum 
o 
potential energy. Parameter in Kihara core model 
a = Length parameter in LJCL (6-12) intermolecular potential; 
see Equation (lV-10) 
0 = Enhancement Factor = Py /p 
|i = Chemical potential 
Subscripts 
1 = Carbon dioxide, ai-gon, methane, nitrogen, or oxygen 
01 = Gas at its normal vapor pressure 
2 = Helium 
m = Gas mixture 
max = Maximum value of variable in data set 
i, j , k = 1, 2, or m 
Superscripts 
V = Vapor phase 
L = Liquid phase 
= Ideal gas state at 1 atmosphere and temperature T 
XV 
SUMMARY 
This work is a continuation of the experimental and theoretical 
^5 k6 6k 66 
investigation started in this laboratory by Kirk ' and Mullins. ' 
It is concerned with phase equilibria in binary systems in which one 
component is below its critical temperature, while the other component 
is above its critical temperature. The experimental part deals with the 
measurement of the gas-phase equilibrium compositions for the helium-
carbon dioxide system (with the solid phase assumed to be the pure con-
densed component) at varying pressures up to 120 atmospheres along 
different isotherms. The theoretical study examines various thermodynamic 
models used to describe the behavior of the gas phase. 
It is the purpose of this work to extend the experimental data and 
to examine the combination rules used in some of the theoretical models 
for expressing gas mixture behavior. The experimental apparatus has been 
h-5 k6 
described by Kirk and Kirk and Ziegler. It is a single-pass flow 
type apparatus suitable for operation from liquid nitrogen temperatures 
to room temperature and for pressures up to 1^0 atmospheres. Using this 
apparatus the solid-vapor equilibrium for the helium-carbon dioxide has 
been measured at l 8 l . 0 5 , 190.03, and 199-95 K and a t pressures up to 120 
atmospheres. The equilibrium gas-phase composition in the liquid-vapor 
region at 220.31 K has been measured at pressures between 80 and 1̂ -0 
atmospheres. The vapor phase composition measured here and expressed as 
the Enhancement Factor 0 (0 = Py /p ) agrees well with the results of 
other investigators. The 190.03 K isotherm was compared with the results 
XVI 
of Ewald at 190 K, while the 220.31 K isotherm was compared with the 
h o 
results of Barrick et al. at 219.9 K. The temperature measured in this 
work is estimated to be accurate to within ±0.05 K, the pressure measure-
ments are estimated to be accurate to within ±l/2 per cent, and the 
composition is estimated to be accurate to within ±3 per cent of the 
carbon dioxide analysis. 
The equilibria data obtained in this work and the available phase 
•T-U • A 4- -P ^ V, T Tr. A- -A ^> 2 3 56,6^,66,86 
equilibria data for the helium-carbon dioxide, -argon, 
25,28,31,^1,87 .. 8,18,20,2^2,80 , 5,86 -methane, '. -nitrogen, and -oxygen 
systems have been used to test theoretical models for the gas phase. 
The virial equation of state up to the third virial coefficient was used 
to describe the gas phase. The two theoretical models tested for the 
calculation of the virial coefficients were the Lennard-Jones (6-12) and 
Kihara core models. The second virial coefficient was calculated using 
both models, while the third virial coefficient was calculated with the 
Lennard-Jones (6-12) model only. The solid phase was assumed to be pure 
and incompressible. The liquid phase was assumed to be an ideal solution 
6U 
The procedure described by Mullins was used to obtain the inter-
action second virial coefficient., B p, from the phase equilibria data. 
The resulting B p values were compared and combined with available data 
for the systems. The B p obtained here are in the lower temperature 
regions where very few data exist. However, taken in conjunction with 
the available high-temperature data they appear to be valid values. 
The values of B p obtained here are estimated to be accurate in general 
to within ±3 cc/gm-mole. Smooth values of B 0 versus temperature were 
obtained graphically. It was shown that the theoretical B p values were 
XVI1 
generally lower (with the Kihara core model values lower than those of 
the Lennard-Jones (6-12) model), than the experimental values for B, p. 
The smooth values for the interaction second virial coefficient 
were used to test the combination rules for the parameters of the Lennard-
Jones (6-12) model. These combination rules are as follows. The energy 
parameter (e/k) is obtained from (e/k) and (e/k) "by the geometric 
average. The volume parameter (b ) p is obtained from (b ) and (b ) p 
by the Lorentz average. With the exception of the helium-oxygen system 
these combination rules and similar ones for the Kihara core model were 
not adequate for correctly predicting B p. To obtain a measure of the 
departures from these combination rules, (e/k) p and (b ) i p were derived 
from a least-squares fit of the Lennard-Jones (6-12) potential function 
to the smooth B p data. Three cases were considered: 
(i) Both (e/k) and (b ) allowed to vary to fit the B p data 
(ii) With (e/k) fixed by the geometric average, (b ) p allowed 
to vary to fit the B.. p data 
(iii) With (b ) p fixed by the Lorentz average, (e/k) p allowed 
to vary to fit the B p data. 
As might be expected, case (i) resulted in the closest fit of the 
B p data. The closeness of the fit for case (ii) was not within the 
error of the B-.p data, and thus the fit was not acceptable. While the 
closeness of fit for case (iii) was not as close as that for case (i) it 
was within the error of the B p data, and hence acceptable. From the 
preceding results it is concluded that the correct prediction of B p 
depends more on the correct prediction of (e/k)1p than on (b ) p. The 
major failing of the combination rules for the Lennard-Jones (6-12) 
XVI11 
model is in the geometric average rule for the energy parameter. 
Although nor similarly demonstrated, this conclusion is applicable 
also to the com/bination rules for the Kihara core model which are 
the same rules. Thus Mullins, and Hiza and Duncan have shown 
that adjustments in the energy parameter for the Kihara core model 
will result in a "better representation of B with that model. 
The main results of this work are: 
(1) The extension of the experimental phase-equilibria in 
the helium-carbon dioxide system into the vapor-solid region. 
Confirmation of the existing data at the lower temperature end of 
the vapor-liquid region for the helium-carbon dioxide system. 
(2) The extraction of the interaction second virial coefficient 
from the experimental phase equilibria data for the helium-cartoon 
dioxide, -argon, -methane, -nitrogen, and -oxygen systems. The B., p 
data so obtained are in temperature regions where very few data 
exist. They have "been combined with existing higher temperature B, 
12 
data for the a"bove systems to yield a set of smooth B ? versus 
temperature values. 
(3) The combination rules for the parameters to the Lennard-
Jones (6-12) and Kihara core models have "been shown to "be inadequate 
for correctly predicting B' in the helium systems considered here. 
The geometric average rule for the energy parameter in these two 
models appears to "be mainly at fault. 
XIX 
(k) Theoretical Enhancement Factor calculations have been made 
for the helium systems considered in this work. Although (with the 
exception of the helium-oxygen system) the calculated Enhancement Factors 





Background and Statement of Problem 
The study of phase equilibria is of particular interest to the 
chemical engineer. In most chemical processes there is a step or steps 
requiring the separation of a mixture to recover one or more desired 
products. The separation is usually carried out by means such as 
distillation, extraction, adsorption, or crystallization. All these 
operations are based on the principles of phase equilibria. The design 
of the equipment is usually based on a combination of experimental data 
and application of theory. Such an approach conserves part of the 
efforts needed to gather extensive experimental data, while providing 
some data to demonstrate the validity of the theoretical model being 
applied. With the computational barrier removed by the electronic 
computer, it has become much easier than previously possible to 
"experiment" with mathematical models. This facility, rather than 
deemphasizing experimentation, has actually placed greater emphasis on 
obtaining accurate data from which better models could be built. The 
advantage is that once a viable model has been obtained, the phenomenon 
can be studied via its model. Thus, a phase equilibrium, model which 
will accurately predict the phase compositions in a given system at 
desired temperature and pressure conditions would be easier to use than 
to do the necessary experiments. The ability to calculate phase 
equilibria has been and still is one of the prime interests and concerns 
2 
of chemical engineering. This work is a small part of the overall efforts 
to extend the experimental data, and to the building and testing of 
theoretical models of phase equilibria. 
The methods and equations for the calculation of phase equilibria 
are set down by thermodynamics. Thermodynamics requires that at 
equilibrium at a fixed temperature and pressure the chemical potential 
of a component in every phase must be equal. For a pure substance in 
phase equilibrium with itself only its equation of state is needed to 
compute its chemical potential. To compute the chemical potential of a 
component in a multicomponent system, an equation of state for the mixture 
is needed, in addition to the equations of state for the pure components. 
Equations of state for pure substances are better known than those for 
mixtures, which being composition-dependent, require much more effort 
to measure. In practice, an equation of state for a mixture is approxi-
mated from the equations of state for the pure components. The approxi-
mation is done by means of mixing rules for the parameters of the 
equations of state for the pure components. The advantage of such an 
approach is that phase equilibria of mixtures of any combinations of 
components could be studied, if the appropriate equation of state for 
the pure components and mixing I'ules thereof are known. This is usually 
the starting point for phase equilibria calculations in multicomponent 
systems. 
This work is an experimental and theoretical study of vapor-
liquid and vapor-solid equilibria in a special class of binary systems. 
These binary systems are studied, at conditions such that one component 
is below its critical temperature while the other component is above 
3 
its critical temperature. Of specific interest here are the cryogenic 
systems such as the hydrogen-methane, helium-nitrogen, helium-methane, 
helium-argon, and other similar compressed gas-condensed gas systems. 
The helium systems, for instance, are of interest in the helium purifi-
cation process in which gases other than helium are removed by condensation. 
While the theory developed is not limited to these low temperature levels, 
some important simplifying assumptions can be made for the treatment of 
the helium systems. The major assumptions are that the liquid phase is 
an ideal solution and that the solid phase is pure. These assumptions 
are based on the fact that liquid-vapor equilibria in such systems are 
characterized by low concentration (usually less than 10 mole °J0) of the 
compressed-gas component in the liquid. The concentration of the con-
densed component in the gas phase is also small, usually only several 
mole per cent. However, the partial pressure of the condensed component 
is usually greater than its vapor pressure at that temperature, giving 
rise to the term Enhancement Factor. The Enhancement Factor, 0, is 
defined as Py /p , where P is the total pressure of system, y is the 
mole fraction of component 1 (the condensed component) in the gas phase, 
and p is the vapor pressure of component 1 at the system temperature. 
For the systems of interest here 0 is always greater than one. The gas 
phase non-ideality in these systems is studied by means of theoretical 
calculations of the Enhancement Factor. 
The theoretical and experimental investigation of phase equilibria 
in cryogenic systems has been of continuing interest to this laboratory. 
This work forms part of that interest. The systems which have been 
experimentally and theoretically studied in this laboratory are 
L 
h5 hydrogen-methane by Kirk, and helium-argon and hydrogen-argon by 
6k Mullins. Some similar systems which have been studied by workers in 
i v 4- • v, i • •<- 8,18,20,2^2,80 , n . 5^ 
other laboratories are helium-nitrogen, helium-oxygen, 
helium-argon, ' ' ' helium-methane, ' ' ' ' helium-carbon 
dioxide, ' helium-ethane, helium-ethylene, and others. 
The phase equilibria apparatus of this laboratory is a single-
^5 pass flow type apparatus designed and built by Kirk. It is suitable 
for liquid-vapor or solid-vapor equilibria studies from liquid nitrogen 
temperatures to room temperatures. A brief description of the apparatus 
is given in the following chapter. Detailed descriptions are presented 
k$ k6 
by Kirk, and Kirk and Ziegler, Other types of apparatus used by 
other laboratories are the static type and the vapor-recirculation type. 
The merits of each type of apparatus have been discussed by Kirk. 
The theoretical investigation of the cryogenic systems has made 
use of various equations of state to predict the vapor phase composition, 
k-7 k5 6k 
Kirk et al., Kirk, and Mullins have made calculations using 
empirical equations of state (Beattie-Bridgeman, Benedict-Webb-Rubin) 
and the theoretical virial equation of state. In the application of 
the virial equation of state they considered theoretical models and 
empirical correlations for calculating the virial coefficients. Again, 
such calculations are not unique to this laboratory but are also done by 
other laboratories. Some of the workers who are or have been interested 
20 89 
in such calculations are Dokoupil, Smith, Bonntag, and Van Wylen, 
k 76 75 
Barrick et al., Prausnitz et al., Prausnitz and Chueh, Chiu and 
Canfield, and Hiza and Duncan. 
This work is the study of a small group of binary systems which 
5 
have one common component. In this case, helium is the common compressed 
gas component. The aim of such a study is a better understanding of the 
interaction between dissimilar molecules. A satisfactory model of the 
gas phase should, of course, represent the pure component properties as 
well as those of the .mixture. The model selected here is the theoretically 
based virial equation of state. The virial equation has some drawbacks 
as well as merits. Some of the limitations of the virial equation are 
that it cannot be applied over a wide range of temperature and pressure 
without the complication of the higher virial coefficients, and that its 
main usefulness is in the gas phase, whereas empirical equations such as 
the Benedict-Webb-Rubin equation can cover both the gas and liquid 
phases. However, it has several desirable features. The virial 
coefficients are a measure of interactions between the molecules in the 
gas phase. Thus, the second and third virial coefficients are charac-
teristic of the two- and three-body interactions. The inclusion or 
truncation of the number of virial coefficients in the equation allows 
easy variations in the degree of complexity. The virial coefficients 
can be calculated from an assumed form of the intermolecular potential 
function. When the virial equation is used for a gas mixture, the 
interaction virial coefficients give a measure of the interaction 
between dissimilar molecules. Hence, the virial equation is most 
suitable when trying to study intermolecular interactions. 
In the application of the virial equation to phase equilibria 
I45 5I4 30 
calculations, Kirk, Mullins, and Hiza and Duncan point out that 
the usual combination rules did not correctly predict the interaction 
second virial coefficient. By arbitrarily adjusting the energy 
6 
parameter of the Kihara core model, Mullins was able to represent the 
B 0 for the helium-argon system with that model. While the approach 
taken "by Hiza and Duncan (see Chapter V) is different, they also show 
that the geometric combination rule for the Kihara core model is not 
13 valid. Chueh and Prausnitz in working with the Redlich-Kwong equation 
have found the usual combination rules for it to be inadequate. Thus 
in both the theoretical virial equation and the empirical Redlich 
equation the basic failing of combination rules appear. Chueh and 
13 Prausnitz used the idea of a correction factor to the usual combination 
rules and have derived a set of these factors for use with the critical 
temperature for the Redlich-Kwong equation for a large group of systems. 
Hiza and Duncan also used this idea with respect to the energy parameter 
of the Kihara core model. Such an approach is also used, in this work. 
Although Hiza and Duncan were able to obtain a correlation between 
their correction factor with the ionization potential, Chueh and 
Prausnitz did not report any correlation for their correction factor. 
While the correction factor concept is useful, it remains to be shown 
whether any fundamental significance can be attached to it. 
Selection of Systems for Study 
The selection of a class of systems to study was dependent on 
several considerations: the systems had to be such that the necessary 
assumptions would apply; enough experimental data are available for 
checking the theoretical results; theoretical parameters and other 
complementary data are available for making the calculations. The 
helium-condensable gas systems appeared to best meet the above 
7 
requirements. Phase equilibria of the helium-argon and hydrogen-argon 
systems have been shown by Mullins to be treatable with the necessary 
assumptions. Since the other helium systems did not appear to be greatly 
different, the same assumptions could reasonably be applied to them. 
k 23 
Phase equilibria data exist for the helium-carbon dioxide, ' 
56,6^,66,86 ., 25,28,31,^1,87 .. 8,18,20,2^2,80 -argon, -methane, -nitrogen, 
5,86 , , , 88 -oxygen, and -hydrogen systems. 
• * 
A final survey of the literature yielded two up-to-date papers 
related to this work. One is by Sneed, Sonntag, and Van-Wylen 
(Journal of Chemical Physics ky, No. 5, 2^10-lU (1968)) on the 
liquid-vapor equilibrium in the helium-hydrogen system up to 100 
atmospheres. The other is by Iomtev, Morozov, and Chumak (Russian 
Journal of Physical Chemistry h'Z (8), IO89-91 (1968), which is 
the English translation of the original Russian article in Zhurnal 
Fizicheskoi Khimii k-2 (8), 2069-71 (1968)) on the solid-vapor 
equilibrium in the helium-carbon dioxide system. The helium-hydrogen 
system is not of immediate concern. The work of Iomtev et al. is 
of interest here. They attempted to measure the solubility of helium 
in solid carbon dioxide, and estimated from their results that the 
o O 
solubility was less than 10"-3 mole fraction between 77 and 195 K 
and at pressures up to 120 atmospheres. Thus, the assumption of 
a pure solid phase in the helium-carbon dioxide system, and in the 
other helium systems considered here appears to be a good one. 
Iomtev et al. also measured the solubility of solid carbon dioxide 
in helium at l60, 170, 180, and 190 K and up to 100 atmospheres. 
Their data overlap the data of this work above 180 K. Below 180 K 
their data are the only available set. At 190 K and below 50 atmospheres 
their data (in terms of the Enhancement Factor) are in very good 
agreement with this work and that of Ewald ^. However, at 190 K and 
83.3 atmospheres Iomtev et al.'s point is about 6% smaller than those 
of this work and Ewald's. At 190 K and 100 atmospheres Ewald is about 
5% higher, while Iomtev et al. are about h% lower than this work. 
Iomtev et al.'s 180 K isotherm is lower by about 3% than the l8l K 
isotherm of this work. Their results confirm the small Enhancement 
Factor and its insensitivity to temperature in the helium-carbon 
dioxide system. An interesting point is that their data seem to suggest 
that at some point between l80 and 190 K the Enhancement Factor increases 
with increasing temperature above that point, while below that point the 
Enhancement Factor decreases with increasing temperature, which is the 
usual trend in similar systems. Because of the small magnitude and the 
ill-defined temperature dependence of the Enhancement Factor in the 
helium-carbon dioxide system this observation is not conclusive. (con't.) 
While this work was in progress, phase equilibria data for the 
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helium-neon, ' and helium-propane systems became available. 
Very recently, after the completion of this work, data for the 
30 30 
helium-ethane and helium-ethylene systems became available. 
The helium-carbon dioxide, -argon, -methane, -nitrogen, and 
-oxygen systems were selected as being a representative set of this 
class of systems. The helium-hydrogen system is a special one in that 
both components are light quantum gases, and hence, it is different 
from the others. The helium-neon system again is more akin to the 
helium-hydrogen system. The helium-propane, heliurn-ethane, and 
helium-ethylene systems deserve attention since, like carbon 
dioxide, propane, ethane, and ethylene introduce molecules that 
are more complicated than the others into the study. The selected 
systems are of practical interest since the condensable components 
are possible contaminants in the purification of helium. Study 
of this phase equilibria with helium is of practical use in the 
design of cryogenic equipment. A disadvantage from a theoretical 
point is that the Enhancement Factor is rather small (generally 
less than 3) in the helium systems. This makes it difficult to 
resolve the different contributions to the Enhancement Factor. 
(con't.j The helium-carbon dioxide data of Iomtev et al. are m 
the low temperature region, while the data of Barrick et al. are 
in the high temperature region. The data of this work fall in 
between the two sets of data and in-:the: region of overlap agree 
well with "both sets. Thus the data obtained here fill the gap 
and serve to check and complete the range of data for the 
helium-carbon dioxide system. 
9 
The objectives of this work are summarized below: 
(1) To determine the vapor-phase composition in the vapor-solid 
region for the helium-carbon dioxide system. To confirm the available 
vapor-liquid equilibrium data at the lowest isotherm for the helium-
carbon dioxide system. 
(2) To extract the interaction second virial coefficient from 
the available phase equilibria data for the helium-carbon dioxide, 
-argon, -methane, -nitrogen, and -oxygen systems. To combine the B p 
so obtained with the available B p data for these systems and obtain a 
set of smooth B p versus temperature values. At the present time, the 
B p data in the lower temperature regions (where the phase equilibria 
data for these systems lie) are very few. Hence the B 0 data obtained 
in this work would be an extension of the existing data, which are in 
the higher temperature regions. 
(3) To examine the combination rules used in the Lennard-Jones 
(6-12) and Kihara core models. 
(k) To improve the theoretical methods for the calculation of 




General Description of Apparatus 
A schematic diagram of the apparatus used to determine the phase-
equilibria in the helium-carbon dioxide system is shown in Figure 1. 
^5 The apparatus has been described in detail by Kirk and also by Kirk 
k6 and Ziegler. It will be briefly described here as it related to the 
helium-carbon dioxide system. 
The heart of the apparatus is a single-pass flow-type equilibrium 
cell. The cell is in a copper-block cryostat, "which is insulated with 
an evacuated powder insulation. Refrigeration is provided by liquid 
nitrogen contained in a reservoir suspended beneath the copper block. 
An annular space packĝ d with copper wool is between the cell and the 
copper block. A capillary tube extends from the bottom of the reservoir 
to this annular space. The liquid nitrogen is injected into the space 
through this capillary. The pressure in the reservoir is maintained 
slightly above that of the vent exit by means of a differential pressure 
regulator. A throttling valve in the vent line controls the rate of 
evaporation of the liquid nitrogen. 
Temperature is controlled by balancing a slight excess of 
refrigeration with heat from an electric heater wrapped on the copper 
block. The energy input to this heater is controlled by an automatic 
controller. 
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thermometer located in a well at the top shoulder of the cell. The 
thermometer has been calibrated by the National Bureau of Standards on 
the International Practical Kelvin Scale above 90.18 K. The assigned 
ice-point is 273.15°K. Below 90.l8°K the NBS-1955 Scale is used. The 
cell is also instrumented with thermopiles and difference couples for 
monitoring temperature and temperature differences at various points in 
it. 
The high-pressure panel is used for the regulation and measure-
ment of the pressure in the system, and for directing the flow path of 
the gas. Pressure is regulated with the pressure regulating valve, PRV, 
which is capable of regulating pressure from 0 to -̂500 psi outlet pressure. 
Pressure gauges Gl (0-600 psi) and G2 (0-3000 psi) are used to measure 
the pressure. They have been calibrated by Kirk against a dead-weight 
gauge. Needle valves VI and V2 can isolate these gauges from the system. 
A rough uncalibrated gauge, not shown, is also available on the panel. 
A gauge-protector, set for k^0 psi cut-off, protects Gl from inadvertent 
excess pressures. Needle valves V3, Vh9 V5, and V6 control the direction 
of the gas flow through the equilibrium cell are also located on the 
high-pressure panel. 
The sample collection panel provides facilities for the collection 
of the exit gas from the equilibrium cell. The flow rate of the exit gas 
can be measured with a wet-test meter, WTM. Two burettes are provided 
for the collection of samples from the gas and liquid sample lines from 
the equilibrium cell. Appropriate connections allow the collected samples 
to be introduced i-nto the analysis section of the apparatus. 
The analysis section consists of two gas chromatographs: a Perkin-
13 
Elmer Model 15̂ -B and a Model l^+D. In the vapor-liquid region the gas 
and liquid phase samples vary greatly in composition. The availability 
of the two chromatographs allows the instruments to be calibrated 
separately for the analysis of the minor component using the major 
component as the carrier gas. Thus, the 15̂ -B is usually calibrated for 
the analysis of the gas sample and 15̂ -D calibrated for the liquid sample. 
The outputs of the chromatographs are recorded on strip-chart recorders. 
Experimental Procedure 
* The first step in starting up the apparatus is the evacuation of 
the powder insulation for the cryostat. A good vacuum is necessary for 
stable temperature control. With a mechanical pump an acceptable vacuum 
of less than 75 microns could be attained at room temperature. The next 
step is the cool-down of the cryostat. The equilibrium cell is flushed 
by flowing helium gas through it. This insures that no condensables 
are left in the system to plug up or contaminate the cell when the cryo-
stat is cooled. The vent for the vaporized liquid nitrogen and the 
differential pressure regulator on the liquid-nitrogen reservoir are 
both opened. Liquid nitrogen is introduced into the reservoir through 
a filling line at the top of the cryostat. The reservoir has a capacity 
of 2 liters. With the reservoir filled the filling line and the dif-
ferential pressure regulator are closed. The over-pressure in the 
reservoir injects liquid nitrogen via the capillary tube into the 
annular space between the copper block and the equilibrium cell. The 
evaporation of the nitrogen cools the block and the cell. To allow for 
a fast rate of cool-down the throttle valve on the vent line is opened 
Ik 
wide. As the cryostat cools down the vacuum in the insulation space 
improves and eventually reaches about 50 microns. The cool-down from 
room temperature to liquid nitrogen temperature takes about six hours 
and uses about 3 to k liters of liquid nitrogen. Once the cryostat is 
at liquid nitrogen temperature or at approximately the desired temper-
ature, the refrigeration rate is reduced by means of the throttle valve 
in the vent line. The refrigeration rate is adjusted so that in addition 
to overcoming the heat leak into the cryostat, it provides a slight 
cooling. The slight cooling is finely balanced by means of the heat 
supplied through the automatic temperature controller. This procedure 
results in a temperature control of about ±0.05 K in the cryostat. At 
steady operating conditions a filling of the reservoir provides suffi-
cient liquid nitrogen for about 20 hours. 
After the temperature of the cryostat has been established at the 
desired point the next step is the introduction of the components into 
the equilibrium cell. The procedure up to this point is similar whether 
operating in the solid-vapor or liquid-vapor region. 
When making measurements in the solid-vapor region the cell is 
pressurized with helium to the highest pressure to be run. The temperature 
is balanced roughly at the desired level. The helium-carbon dioxide gas 
mixture is allowed to flow through the cell. This mixture has been 
prepared beforehand with a carbon dioxide concentration somewhat larger 
than the equilibrium concentration expected at the planned temperature 
of the run. Too large an excess of carbon dioxide causes plugging and 
is to be avoided. The gas flow is from the top to the bottom of the cell. 
This is done with valves V3 and V6 open, while valves V^ and V5 are closed. 
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The condensation of carbon dioxide on the packing in the upper part of 
the cell and the flow of gas through the cell slightly raises the 
temperature of the cell. The power to the cryostat heater is slightly 
lowered to obtain a balance in the temperature. A judicious application 
of heat to the inlet line to the cell insures that the carbon dioxide 
will not prematurely condense out in the line and cause plugging. Heat 
is also applied to the exit line so that once the gas comes out of the 
cell no further condensation can take place. The use of these heaters 
results in a temperature gradient along the cell of about 0.08 K, with 
the top of the cell at a higher temperature than the bottom. 
Plugging may occur at the inlet to the cell. This is first 
indicated by a rapid rise in the temperature of the cell due to the 
depletion of its contents. The pressure in the cell also drops. The 
pressure drop is detected by closing a valve at the outlet of the pres-
sure regulating valve and quickly opening Vh. The pressure gauge will 
indicate a sudden pressure drop. Plugging can be eliminated by appro-
priate adjustment of the electrical heaters referred to above. 
With the cell operating satisfactorily, the exit gas from the 
cell passes to the sample collection panel. Here its flow rate is 
measured with the wet test meter and samples of it are collected at 
regular intervals. The isolated samples are then analyzed on the 15̂ -B 
chromatograph. Gas samples can also be taken through the liquid sample 
line. The liquid sample line extends to approximately the middle of the 
cell. When analysis of consecutive samples differs by less than 3 per 
cent, it is taken as an indication that equilibrium has been reached. 
Meanwhile, the resistance of the platinum resistance thermometer has 
16 
been measured on a Mueller G-2 bridge and the thermocouples on the cell 
have been measured with a K-2 Leeds and Northrup potentiometer. The 
pressure has also been measured on the pressure gauges. The measurement 
of composition, temperature, and pressure constitute an equilibrium 
point on the isotherm. The next point on the isotherm is established by 
reducing the pressure and again establishing equilibrium. Measurement 
of a point on an isotherm in the solid-vapor region takes between 1-l/U 
to 1-1/2 hours. 
In the liquid-vapor region pure carbon dioxide is first condensed 
in the cell. With liquid carbon dioxide in the cell the helium gas 
flow is from the bottom of the cell to the top. This is done by closing 
valves V3 and V6, and opening valves Vk and V5. The helium thus bubbles 
through the liquid carbon dioxide. Only four gas phase points were run 
on the 220 K isotherm in the liquid-vapor region. These points were 
k 
used as a check with the data of Barrick, et al. No liquid samples 
were taken because the chromatograph was not calibrated for the analysis 
The results of the experiments are presented in Chapter III. 
The treatment of the experimental data are given in Appendices C and D. 
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CHAPTER III 
EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental Results 
The experimental results obtained for the helium-carbon dioxide 
system are presented in Figures 2 through 5- The detailed results are 
given in Appendix D. The vapor-phase composition is in the form of the 
Enhancement Factor, 0, which is plotted against the total pressure, P. 
The points represent the average values, while the length of the vertical 
lines indicate the scatter of the experimental data. The smooth curves 
were drawn in by eye and restricted to intersect the abscissa at the 
value of P equal to the vapor pressure of carbon dioxide at that 
p ar ti cular t emp e rature. 
Figure 2 shows the Enhancement Factor versus total pressure curve 
at l8l.05 K. Figure 3 shows the 190.03 K isotherm and also the data of 
Ewald23 at 190°K. Figure k shows the 199.95°K isotherm. All the 
preceding are isotherms in the solid-vapor region. The 220.31 K iso-
therm in the liquid-vapor region is shown in Figure 5- Also plotted in 
k o 
Figure 5 are the data of Barrick et al. at 219.9 K. 
Discussion of Results 
It is clear from Figures 2 through 5 that the Enhancement Factor 
in helium-carbon dioxide system is not much greater than one. This is 
generally true in the five helium systems considered here. In the 
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Enhancement Factor is below 1.15. In the vapor-liquid region the 
Enhancement Factor is no larger than the value of 1.^79 at 27^.9 K and 
1+ 
200 atmospheres reported by Barrick et al. In this system the trend of 
the Enhancement Factor against the temperature is the same as that of the 
vapor pressure, which is opposite to the usual trend. 
The points at 60 atmospheres are consistently lower than the rest 
of the points. In the measurement of the vapor pressure of argon and 
carbon dioxide (see Appendix A) the highest pressures measured were 
-̂3-37 and 29-76 atmospheres, respectively. Thus, these measurements 
did not provide a check on the performance of the pressure gauges at 60 
atmospheres. However, the helium-argon measurement at 60 atmospheres 
(see Figure 17 in Appendix B) appears to check well with that of Mullins. 
No good reason has been found to account for the observed results at 60 
atmospheres. 
The scatter of the Enhancement Factor data is about ±3 per cent 
on the average. The data for the 181.O5 K isotherm have the largest 
scatter, amounting to about ±5 per cent at 118.02 atmospheres. Part of 
this may be attributed to the error in the analysis of the low carbon 
dioxide concentration (about 0.3 mole per cent) at this temperature. 
23 
Ewald used a static equilibrium apparatus to measure the solid-vapor 
equilibrium of the helium-carbon dioxide system at 19O K. His data are 
presented in Figure 3 "with the 190.03 K data obtained in this work. Below 
80 atmospheres the agreement between the two sets of data is close. 
Above 80 atmospheres Ewald's data are higher than the present results. 
Thus, at 100.5 atmospheres his result is about 5 per cent above that 
obtained here. Considering the scatter of Ewald's data and that of the 
23 
present data, the agreement between the two sets of data is considered 
satisfactory. The 199-95 K isotherm (Figure k) shows less scatter than 
the others. However, as noted above, the 60 atmosphere point is low. 
Figure 5 shows the data at 220.31 K in the liquid-vapor region. The 
k o 
data of Barrick et al. at 219.9 K are also shown. Barrick et al. used 
a vapor-recirculation equilibrium apparatus. The agreement between the 
two sets of data is very good. 
Thus, the results obtained in this work appear to be valid 
equilibrium data within the estimated average error of ±3 per cent in 
the Enhancement Factor. Previous experience with the present apparatus 
i+5 6k 
by Kirk, and Mullins indicated that an average accuracy of ±2 per 
cent was attainable. The analysis for carbon dioxide in this work was 
not as sensitive as the analysis for methane, argon, and hydrogen, with 
which they were concerned. The column used in the chromatograph to 
analyze for carbon dioxide was a silica gel column, as was recommended 
by the instrument manufacturer. Kirk, and Mullins used a molecular 
sieve column, which irreversibly absorbs carbon dioxide and hence is 
inapplicable for carbon dioxide,, The calibration curves for the 
molecular sieve column show that Kirk, and Mullins could analyze lower 
concentrations of their substances than could be obtained for carbon 
dioxide using a silica gel column. This difference in the sensitivity 
of the analysis probably accounts at least in part for the difference 
in the accuracy between the previous data and the present data obtained 
with this apparatus. 
In a single-pass flow-apparatus such as the one used here it is 
necessary to be sure that equilibrium rather than steady-state results 
2k 
are obtained. To observe the effect of flow rate on the operation of 
the apparatus the flow-rate was varied at the 98-OS atmosphere point on 
the l8l.05 K isotherm (Figure 2). The top point corresponds to a 
residence time in the cell of 14.8 .minutes, the middle point to 29 
minutes, and the bottom point to 57-5 minutes. The effect of flow rate 
is as expected: the higher flow rate results in a higher concentration 
of carbon dioxide, since the entering helium-carbon dioxide mixture 
contains an excess of carbon dioxide. But the range of the points 
does overlap each other. A residence time of 30 minutes was considered 
satisfactory for the attainment of equilibrium. This value of the 
residence time was thus used in all the runs. Actually, it would have 
been better to observe the effect of flow rate at each point. The 
operation requirements of the apparatus made this impractical. 
The procedure followed in this work was to start from the highest 
pressure on an isotherm and work to the lower pressures. Thus, equili-
brium was only approached from the high pressure side. The approach to 
equilibrium from the low pressure side was not investigated. Past 
experience with the apparatus by Kirk, and Mullins indicated that this 
was not a problem. 
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CHAPTER IV 
THEORETICAL CALCULATION OF THE ENHANCEMENT FACTOR 
Introduction 
For a system at equilibrium thermodynamics requires that the 
chemical potential of each component in each of the phases be equal. 
This requirement is the basis for phase equilibria calculation. Con-
sider the case of a binary system in vapor-liquid equilibrium at 
temperature T and pressure P. The chemical potential of component 1 in 
the liquid phase, |i ' (P,T,x ), must be equal to its chemical potential 
in the vapor phase, (i (PjT,y ).. The same equality holds for component 
2. The condition for equilibrium can thus be expressed by Equation 
(IV-1). 
M.1
L(P,T,X1) = ̂ / ( P ^ , : ^ ) (iv-i) 
Equation (iV-l) as it stands is not useful for making calculations. One 
needs to know how to calculate p. and p. . The reference state on 
which |i and \i, is based is the free energy of one mole of component 
1 in the ideal gas state at temperature T and one atmosphere pressure. 
This reference state, g , is the one usually used. Basing p, (T,P) 
on g as the reference state, it is expressed by Equation (lV-2). The 
6k 
derivation of the equations used m this section can be found in Mullins. 
P oo 
^(P.T,^) - Sl° = J v dP + j (P-^)dV + p V (IV-2) 
p 0 1 v 1 (con t.) 
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V01 
- RT - RT in — + RT in Y 1 ' X 1 (lV-2, con't) 
In Equation (lV-2) the activity coefficient y ' -+ 1 as x -» 1 and is 
based on the chemical potential of pure liquid component 1 at T and P. 
V 
After correction to the same reference state, (1 is given by Equation 
(IV-3). 
*i/(P,T,yn ) - g,° = f C ( # ) T , V , n " f ] ̂  - RT in ̂  + RT in y (lV-3) 
V 1 ' ' 2 m m 
--L v f ^ j ^ y & 1 
To satisfy the condition of Equation (iV-l), the right-hand sides of 
Equations (lV-2) and (lV-3) are set equal. After some algebraic manipu-
lations and rearrangement the resultant equation is given by Equation 
(iv-4). 
P y l 1 I * 1 
^p-^Ol- 1-^!^! VldP + ET. v ., 
01 P01 % X 
(P-|^)dV1 (1V-U) 
+ in Z - i m RT [ ( j T ^ L , , - F ] d V + t o Y n ' x n 
V S n l T ' V n 2 Vm m X 1 
m 
The quantity (Py /p^ , ) on the left-hand side of Equation (IV-U) i s by 
def ini t ion the Enhancement Factor 0. Thus Equation (IV-U) i s referred 
to as the Enhancement Factor equation. A similar equation applies to 
component 2 when the temperature T i s less than the c r i t i c a l temperature 
of both components. 
The use of Equation (iV-k) to calculate the Enhancement Factor 
requires the following information: 
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1. The molal volume v of pure liquid component 1 
2. An equation of state for the vapor phase of pure component 1 
and the gas .mixture 
3. Experimental data or an assumption about y '. 
Requirement 1 above is met by expressing v at each temperature as a 
function of pressure in the form of Equation (lV-5) 
v1 = a + *(P-.p01) +
 c(p~P0i)
2 (IV~5) 
Requirement 2 is met by the selection of the virial equation of state. 
The choice of this equation has been discussed in Chapter I. Speci-
fically, the virial equation truncated after third virial coefficient 
is used. It is expressed as Equation (lV-6) 
H. = i + 2. + £. (IV_6) 
RT V ^2 K J 
In the applicat ion of Equation (lV-6) to a mi.xture the v i r i a l coefficients 
for the mixture are expressed by Equations (lV-7) and (lV-8) 
Bm = ̂ A l + 2 V2 B 12 + ^ 2 2 ^ ' ^ 
Cm = ̂ l l l + ̂ i V l ^ +%y22ci22 + y2
2c222 (IV"8) 
Requirement 3 is met by the assumption that the solutions encountered in 
the systems considered here are ideal, that is y ' is one. This 
assumption is based on the following considerations. In the helium 
systems at temperatures under consideration, and at pressures below 1̂ -0 
atmospheres the solubility of helium in the liquids is about 10 mole 
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per cent or less. Thus the liquid phase is essentially the pure condensed 
component 1, whose activity coefficient y ' would "be expected to "be very 
6k , 
close to one. Mullins ("by computing the activity coefficient of argon 
along the locus of the three-phase line) showed that in the helium-argon 
and hydrogen-argon systems the value of y ' was indeed essentially one. 
Thus the assumption that Y-, ' is o n e appears to "be reasonable. 
Incorporating the preceding information into Equation (iV-k) 
results in Equation (lV-9): 
Pyn n r ^ 0 . - , 2 B „ . C. 
In ~ i - -i 
POI • K* 
a (p-Pm) + s(p-Pftn r + ̂ (p-Pm)° + - ^ + 1 ^ 4 (iv-9) 0 1 ' 2V ^ 0 1 ' 3 01 
^ 2 V 
- *n zoi - f îBii+ 2̂Bi2) - r f ^ w ^ i ^ i ^ V W 
m 2V 
m 
+ in Z + i n xn 
m 1 
Equation (lV-9) is the working equation used in this work for the calcu-
lation of the Enhancement Factor in the vapor-liquid region. The 
quantity x-. is assumed to "be known experimentally. 
In the application of (lV-9) in the vapor-solid region two more 
assumptions are made. The first is that the solid phase is pure solid 
component 1. This assumption is reasonable in view of the low solubility 
6k 
of helium in the liquid phase. Mullins, by studying the freezing point 
curves in the helium-argon and hydrogen-argon systems, concluded that the 
solid phase was essentially pure argon. This assumption eliminates the 
in x term in Equation (lV-9) in the vapor-solid region. The other 
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assumption is that the solid phase is incompressible in addition to being 
pure. This assumption is reasonable since the pressure of lkO atmospheres 
or less encountered are not too high with respect to the solid phase. 
This assumption eliminates the terms involving b and c in Equation 
(lV-9)j and the constant a becomes the molal volume of saturated solid 
component 1 at T. 
In the helium systems considered here the helium is above its 
critical temperature. Since it is not realistic to talk of its vapor 
pressure under such circumstances, the concept of the Enhancement Factor 
is not useful for helium. The relevant quantity in this case is the 
Henry's Law constant. This area of study has not been pursued in this 
Gk 
work. Mullins discusses the thermodynamics involving the Henry's Law 
constant, and obtained values of a modified Henry's Law constant for the 
73 helium-argon and hydrogen-argon systems. Pierotti has worked out a 
procedure for the calculation of the theoretical Henry's Law constant 
from molecular parameters. An interesting study would be the extraction 
of the Henry's Law constant from the vapor-liquid equilibria data of 
these helium systems, and a comparison with the predicted values of 
Pierotti's method. 
Calculation of Virial Coefficients 
The theoretical calculation of virial coefficients requires the 
knowledge of the interaction between the molecules in the vapor phase. 
This interaction is expressed as a potential energy function. The 
potential energy function is usually a function of the distance between 
two molecules and also may be taken into account the size and shape of 
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the interacting molecules. The Lennard-Jones (6-12) potential function 
expresses the interaction energy "between two molecules as the sum of an 
attractive energy (inversely proportional to the sixth power of the 
distance of separation between two molecules) and a repulsive energy 
(inversely proportional to the twelfth power of the distance of 
separation between two molecules). The function is given by Equation 
(IV-10): 
u(r) = 4 ^ ) 1 2 - <%f (IV-10) 
It has two adjustable parameters e and cr, which have the dimension of 
energy and length. The distance of separation between two molecules 
(which are assumed to be point masses) is r. The value of r at U(r) = 0 
l/6 is designated as a. The minimum U(r), which occurs at r = 2 ' a is 
designated as e. 
1+3 14.14. tr \ 
The Kihara core model ' is similar to the Lennard-Jones (6-12) 
model. Instead of a point mass, the molecule is assumed to have a convex 
impenetrable core. The shape of the core is determined by the geometry 
of the model. The potential energy function for the Kihara core model 
is given by Equation (iV-ll): 
-,p x12 ,p x6 n 
°<p)-°«!f) -< f ) (iv-11) 
The potential energy is a function of p, the shortest distance 
between the molecular cores of two interacting molecules. The parameter 
p is the shortest distance between two molecular cores at the minimum 
o 
value of U(p), U . 
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The above potential energy functions are the most commonly used 
for the theoretical calculation of virial coefficients. Other forms of 
potential energy functions which are in use can be found in Hirschfelder, 
2Q 
Curtiss, and Bird. 
The Lennard-Jones (6-12) and the Kihara core models were selected 
for use in this work to calculate the second virial coefficients. The 
third virial coefficients were calculated with the Lennard-Jones (6-12) 
model. 
Lennard-Jones (6-12) Model (LJCL) 
29 Hirschfelder et al. present methods for the calculation of the 
second and third virial coefficients based on Equation (lV-10). The 
second virial coefficient between molecules i and j is represented by 
Equation (lV-12): 
B. . = (b ). .B*(T*.) (lV-12) 
where 
(b ). . = ^ N A ( a ) . . (IV-13) 
•* _ T (vr-ik) 
The reduced second virial coefficient, BnT , is evaluated from 






J + 1 / 2 
^-- (Spym (IV-16) 
The f i r s t forty-one values of V ' are given by HLrschfelder et 
29 ^5 
a l . Kirk has recomputed these values. His values agreed with those 
7 
of Hirschfelder et a l . to about 1 par t in 10 except for the value of 
V 1 \ which was -0.3386316 x 10"5 as compared to -0.3387^0 x 10" 5 
computed by Hirschfelder et a l . The values of Kirk for V were 
selected for use here. 
The th i rd v i r i a l coefficient among molecules i , j , and k i s 
s imilar ly given by an expression of the form in Equation (lV-17): 
C ., = (b )? . ,C*(T* ) 
l j k ^ o ' l j k CLN 13k 7 (IV-17) 
The reduced third virial coefficient is given by Equation 
(lV-18): 
C*(T* )== y<^v.j- ( J + ; L ) / 2 





The expression for cvu/ is more complicated than that for b 
as given in Equation (lV-l6). It is presented by Rowlinson et al., 
who also have computed the first twenty-one values for ĉ  . Their 
results were used here to compute the third virial coefficient. 
For .mixtures the mixture rules are given by Equations (lV-19)> 
(lV-20), (IV-21), and (lV-22): 
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ij 1 j 
1/2 1/2 
(Geometric average) (IV-19) 
1/3 1/3 1/3 
< £ > - < ! > . <!>.<£> 
ijk I j k 
(IV-20) 
<V.. = i 
ij 
1/3 1/3-.3 
(b ) + (b ) 
i J 
(Lorentz average) (lV-2l) 
(K) 
°ijk 2 7 L ° 
1/3 1/3 i/3-,3 
(b ) + (b ) + (b ) (IV-22) 
The Lennard-Jones (6-12) model used here is the classical form, 
and does not include quantum corrections. 
Kihara Core Model (KIH) 
The expression for the second virial coefficient for the Kihara 
^3 core model has been derived by Kihara. It is given by Equation 
(IV-23): 
(V.. p 3
 (Mo>. + ( Mo > . p 
-Nf^HPo>..F3+— —* i ( P o ) .F2 
A IJ IJ 
(IV-23) 
(S ) + (S ) (M ) (M ) 
r- O . O . O . O . -
1 1 M 1 J + T-•TT 
(0. Fl + 
IJ 
(v ) + (v ) 
o . o . 
i J 
(M ) (S ) + (M ') (S ) 
o . o . N o . o . 
1 J J 1. 
B^ 
The functions F , F„j and F~ are functions of Z, where Z = U /kT. They 
are given by Equation (lV-2^): 
3h 
F s = ) b 
£^(j) z(6j+s)/l2 {lY_2h) 
3=0 
•where 
\U) - - (MfiX^) <^> 
The first forty values of b for s = 1, 2, 3 have "been computed 
Gh 45 
"by Mullins and are presented by Kirk. These results were used here 
to compute F , F , and F . 
The parameters M , S , and V are related to the core size and 
* o5 o' o 
shape. They have dimensions of length, area, and volume, respectively. 
77 Prausnitz and Myers have determined the Kihara core model 
parameters for a number of gases. Their values for the parameters are 
used here (see Table 15 for the values of the parameters used). For the 
light gases, helium, hydrogen, and neon, they introduced the first two 
translational quantum corrections to the second virial coefficients. 
The quantum corrections were computed, however, from the Lennard-Jones 
(6-12) model, which is the same as the Kihara core model in the special 
case of a vanishing core. The value of cr for the Lennard-Jones (6-12) 
model is related to the Kihara core model parameter, p , by Equation 
(IV-26): 
(M ) + (M ) 
-i /£ ° • ° • 
CT. . = 2-
1/b(p ) + K i (IV-26) 
1J r O . . 417 v ' 1J 
Equation (IV-26) is exact for the case of the spherical core but is 
approximate for other cores. Thus, the second virial coefficient as 
35 
calculated here is given "by Equation (lV-27): 
B. . = (R ) + (b ) |~(A*.)2B* + (A*.)kB* - (A*.)3B*1 (lV-27) ij k. . v o'. .LK ij I ij II v ij oj 
ij 
-* 




kcr. . m. .(r) 
(IV-28) 
The mass of the molecule is denoted "by m, where m = M/N. . M and T\L are 
the molecular weight and Avogadro's number, respectively. (Note that 
m 
kk 
... = M. ./l\T. .) Kihara has derived the first three reduced trans-
ij ij A 
lational quantum corrections to the second virial coefficient for a 
(6-12) potential. The first two corrections which are used here are 
given by Equations (lV-29) and (lV-30): 
4= Ibi (JVr (6j+13)/12 (IV-29) 
-* 
3 I I 
= y b T (d ) ( T *) - (6^3) / l 2 
L u n ( iv -30) 
where 
( j ) '11 - 36j-
• 768rr2 • 
, J+13/6. 
L J 
"6j - 1" 
. 12 J ( iv -31) 
, ( j ) _ r3Q2^j 2 + U728j + 7 6 7 T 2
J ' + 2 3 / 6 l r r 6 j + i l , . 
U91520TT 
(i) (i) h5 
The first forty-two values for bT and b
 v ' computed by Kirk 
were used here to make the quantum correction to the second virial 
• * 
coefficient. The value of B , the ideal gas quantum correction, is 
given by Equation (lV-33): 
B* " ~^¥W ( M ) 
The sign of Equation (lV-33) i s that for a Bose-Einstein gas. 
Thus, the second v i r i a l coefficient computed here with Equation 
(lV-27) consis ts of the par t ( B ) . . (given by Equation (lV-23)) plus 
k IJ 
the quantum correction for the first two translational terms. 
Kihara Core Model with Quadrupole (KIHQ,) 
For components such as nitrogen and carbon dioxide, which have 
significant quadrupole moments, an additional correction is applied. 
7k The quadrupole correction derived by Pople is given by Equation 
(VfSh): 
\ = ' I "V 3 (320 ) ( Q* ) 2 H10 ( a /^ (IV"3^) 
where 
* _ Q2 
U a 5 o 
(IV-35) 
The parameters Q, and Q, are the molecular and reduced quadrupole moments, 
respectively. The parameter a is again given by Equation (lV-26). As 
in the case of the quantum correction, the quadrupole correction given 
by Equation (lV-3^) is strictly correct only for the Lennard-Jones (6-12) 
37 
potential function. It is applied here as recommended by Prausnitz and 
77 Myers as an approximation to the Kihara potential function. Equation 
(lV-36) gives the expression for the function H „: 
H10(a/z) 
UJ 
(a/z)17/6£ v(^ff3@L (iv-36) 
J=0 
U5 Kirk has computed the first forty coefficients in Equation 
(lV-36) which are used in this work to make quadrupole corrections to 
the second virial coefficient. 
The mixing rules used for the Kihara core model are given by 
Equation (lV-37) through Equation (iV-^O): 
(u/k)., = (u7/k),^2.(.u A ) 1/2 
° J 
(IV-37) 
(p ) + (p ) 
(po}.. = S 
ij 2 
(IV-38) 
•* ( * - A 1 / 2 
0,. . = (Q. 0,. 
1J \ 1 J- (IV-39) 
2M.M. 




Lennard-Jones (6-12) Model Adjusted (LJCLA.) 
This model is the same as the Lennard-Jones (6-12) model with 
one difference. This difference is that the parameter (e/k) _ has been 
adjusted to fit the second interaction virial coefficient, with (b ) p 
given by Equation (lV-21). In the LJCL model (e/k) p is given by 
38 
Equation (lV-19). The adjustment of (e/k) is discussed in Chapter 
V. 
Thus, the four models used for the theoretical calculation of 
the Enhancement Factor in this work are the Lennard-Jones (6-12) model 
(LJCL), the Kihara core model (KIH), the Kihara core model with quad-
rupole (KIHQ,), and the adjusted Lennard-Jones (6-12) model (LJCLA). 
Calculation of the Third Virial Coefficient 
All the third virial coefficients used in this work were calcu-
lated with the Lennard-Jones (6-12) model discussed above. The Kihara 
core model third virial coefficient for different shaped cores other 
than the spherical does not appear to have been worked out. The Kihara 
spherical core third virial coefficients have been worked out by Sherwood 
84 85 
and Prausnitz. ' A non-addivity correction has also been applied to 
the third virial coefficients they derived. The Kihara core parameters 
77 used here were those obtained by Prausnitz and Myers for spherical 
and non-spherical cores. Sherwood and Prausnitz calculated Kihara 
spherical core parameters for, among other substances, argon, nitrogen, 
methane, and carbon dioxide. The helium and oxygen parameters (the 
remaining components considered here) are not available. Sherwood and 
Prausnitz have also derived the Lennard-Jones (6-12) pai'ameters for the 
12 
above substances. Chueh and Preiusnitz correlated the available 
experimental third virial coefficient data with a generalized expression 
They found essentially no data below a reduced temperature (T/T ) of 
0.8. Orentlicher and Prausnitz recently presented an approximate 
method for calculating the third virial coefficients of gas mixtures. 
39 
A comparison of the above methods for calculating the third virial 
coefficient was made for argon at 108.02 K. The results are presented 
in Table 1. The Lennard-Jones (6-12) parameters for argon used by 
Sherwood and Prausnitz were e/k = 117-7 K, b = ^h.26 cc/gm mole, as 
compared with e/k = 119-30 K, b =50.91 cc/gm mole used in the present 
work. The third virial coefficient, computed with the Lennard-Jones 
* -2 
parameters used here together with the value of a = 3*79 x 10 
•X- "3 
(ex = ot/<J i s the reduced p o l a r i z i b i l i t y ) used by Sherwood and Prausnitz , 
2 
i s 23 -̂5 (cc/gm mole) . The additive and non-additive contributions are 
2 
259 an(i 2086 (cc/gm mole) , respectively. It can be seen that the third 
virial coefficient calculated here without taking non-addivity con-
tributions into account is low. The non-addivity contribution is shown 
8̂ -
by Sherwood and Prausnitz to be always positive and becomes more 
significant as the temperature decreases. They also show that the third 
virial coefficient is more sensitive to the shape of the potential 
function that the second virial coefficient. They point out that the 
neglect of three-body repulsive forces in their computations tend to 
raise the value of the calculated third virial coefficient. For the 
substances considered here, the third virial coefficient data are 
extensive at low temperatures only for helium. Figure 20 in Appendix E 
shows that the third virial coefficient of helium calculated in this 
work tends to be only slightly lower than the experimental values. In 
the temperature region of this work it is thus not possible to compare 
the amount of undershoot resulting from the method used here with the 
amount of overshoot which would have resulted from the method of 
Sherwood and Prausnitz . The th i rd v i r i a l coefficient of argon at 108.02 K 
40 
Table 1 . Third V i r i a l Coef f i c i en t of Argon a t 108.02°K 
2 
Method C, (cc/grn mole) 
LJCL (6-12) (this work) 88.0 
LJCL (6-12) (Sherwood & Prausnitz 5) 27^0 
Cadd = ̂ 51 
c ,, = 2289 
non-add 
85 
Spherical Kihara core (Sherwood & Prausnitz ) 165O 
C _ = -1^00 
add 
c = 3050 
non-add 
12 
Generalized Equation (Chueh & Prausnitz ) -503.0 
Extrapolated 
in 
predicted "by the extrapolation of the generalized equation of Chueh and 
12 2 
Prausnitz is -503 (cc/gm mole) . This is lower than the other values 
computed above and is due to steepness of the equation when extrapolated 
to a reduced temperature lower than 0.8. 
Because of the absence of experimental third virial coefficient 
data in the temperature region of interest for most of the substances 
considered here, the problem of the third virial coefficient was not 
pursued with great emphasis. It is a subject that needs to be studied 
in conjunction with the problem of the second virial coefficient. 
Current practice obtains potential function parameters from a fit to the 
second virial coefficient only. A simultaneous fit to include the third 
virial coefficient would probably result in parameters which are better. 
Third virial coefficients, especially in the low temperature regions, 
Q 3^ ^ 62 63 105 
are difficult to measure accurately. However, workers^' ' ' ' ' 
are involved in this kind of measurement and some data are being obtained. 
k2 
CHAPTER V 
INTERACTION SECOND VIRIAL COEFFICIENT 
General 
The degree to which the properties of a gas mixture can be 
accurately described is directly related to how well the interactions 
between the molecules are known. The interaction virial coefficient 
such as the interaction second virial coefficient (B „) is a direct 
measure of the interaction between two dissimilar molecules. Thus a 
model which can accurately predict B p can be expected to be more 
successful in phase equilibria calculations. The correct prediction of 
B p is just the first step, and of course, will not account for all the 
inadequacies of the model. This chapter discusses the extraction of Bnp 
values from phase equilibria data. 
The three main ways of obtaining virial coefficients directly are: 
(1) PVT measurements on the gas and subsequent treatment (fitting 
a power series or extrapolation to zero pressure) to obtain virial 
coefficients. 
(2) Measurement of the pressure change on mixing two gases at 
constant volume and temperature, 
(3) The Burnett fixed volume expansion method for PVT measurement 
Other methods which have been used are the Joule-Thornson expansion and 
98 99 100 
the velocity of sound >-/-/> techniques. These methods all require 
accurate values of the virial coefficients of the pure gases if" inter-
action virial coefficients are to be obtained. 
3̂ 
Of all the methods, the Burnett method appears to be the choice 
of most investigators. Its merits have been discussed in detail by 
» *. ^ a. n 9 TT 4. n 33,3^ ^ ^ 7,1^,26,36,50,51,62,63 Canfield et al., Hoover et al., ' and others.'' ' '̂  '̂  ,y ' ' 
Its outstanding advantage over the other methods is that it does not 
require precise volume measurements. Until recently its application 
9 lU 33 ^h has been mainly at room temperatures and above. Investigators ' >->->>-> 
5 have adopted the method for the lower temperature regions. 
The direct measurement of PVT data is difficult because volume is 
difficult to measure accurately, An example of this procedure is the 
work of White et al. on the PVT data of helium. Dantzler et al. 
have obtained the interaction second virial coefficient of hydrocarbon 
mixtures and argon-hydrocarbon mixtures from the measurement of the 
pressure change on mixing two gases at constant volume and temperature. 
The difficulty here is that of accurately measuring small pressure 
17 71 
differences. Dantzler et al. and Pecsok and Windsor also describe 
a recent application of gas-liquid chromatography for obtaining the 
second interaction virial coefficient. 
At cryogenic temperatures such as are encountered in the systems 
considered here, the direct methods mentioned above present experimental 
difficulties. Hence, indirect methods have been developed to obtain 
virial coefficients at low temperatures. For pure substances, the 
assumption of a particular intermolecular potential function permits 
extrapolation to low temperatures by means of parameters determined at 
high temperatures. With assumed combination rules for pure component 
parameters, this procedure could be applied to the evaluation of inter-
action virial coefficients of .mixtures. However, these combination 
kk 
rules are empirical and are not always valid. 
Another method is to derive the interaction virial coefficients 
from phase equilibria data. Such a method has been discussed by Reuss 
79 20 Gk 
and Beenakker, y and Dokoupil. Mullins developed a method to obtain 
B p from phase equilibria data. His is the method used in this work. 
More recently Chiu and Canfield also developed a method for obtaining 
B p from phase equilibria data. Dokoupil applied his method to the 
hydrogen-ni t rogen system. Reuss and Beenakker app l i ed t h e i r method to 
the hydrogen-ni t rogen and hydrogen-carbon monoxide sys tems. Mull ins 
used h i s method for the hel ium-argon and hydrogen-argon systems. Chiu 
and Canfield used their method for the hydrogen-methane system. A 
comparison of the Mullins, and Chiu and Canfield methods is presented 
30 
in the following section. Hiza and Duncan obtained B p for the helium-
ethane, helium-ethylene, and several other systems by a least-squares 
fit of the Enhancement Factor equation to the experimental Enhancement 
Factor data. 
The following section discusses the method used here to extract 
B p from phase equilibria data. Following this discussion, the extracted 
B p for the different systems and the available B p data from other 
sources are presented. A concluding section discusses the least-squares 
fitting of the smooth B p values with the Lennard-Jones (6-12) potential 
function. 
Interaction Second Virial Coefficient from Phase Equilibria Data 
The Enhancement Factor equation, Equation (lV-9)5 can be rearranged 
(Mullins ) to give: 
5̂ 
B. 
V r2B,, 3C. n _ 
12 = W {-T1 + " ^ " to zoi (v-i) 
j.̂  ^y2 vQ1 2 V ^ 
3 
2 V 2 
m 
(yl2cill + 2yly2C112 + y22ci22) 
+
 IT [a<p - V + I <p " V 2 + P - V3! 




+ in Z + An x, - An 
1 p Q 1 
At each experimental point along an isotherm Equation (V-l) is 
solved for B p. The values of B p thus obtained are plotted against 
(P - pni ) and extrapolated to (]? - p ) = 0. The intercept then is 
assumed to be the true value of B p at that temperature. This method 
has been described and used by Mullins to obtain B p for the helium-argon 
and hydrogen-argon systems. His results are in good agreement with the 
single value for each system obtained from PVT measurements reported 
kQ 77 
in the literature. ' 
h<5 The phase e q u i l i b r i a da t a of Kirk y for the hydrogen-methane 
system have been analyzed by Chiu and Canfield to obtain the values 
of B p. The lowest and highest isotherms of Kirk at 66.88 and 116.53 K, 
respectively, were also analyzed in the present work by the method used 
here. The values of the Lennard-Jones (6-12) parameters used to obtain 
B , C , Cnp' Cipp i n Equation (V-l) "were those of Chiu and. Canfield. 
The resulting B-. p are compared with those of Chiu and Canfield in Table 2. 
kb 
Table 2. B 0 for the Hydrogen-Methane System 
B12> cc/gm mole 
T°K This Work Ch iu -Canf i e ld 1 1 
66.88 
116.53 
-136 ± 6 




As can be seen from Table 2, the B obtained by the procedure used 
here and that used by Chiu and Canfield are essentially the same. The 
estimated accuracy of Kirk's Enhancement Factor data for the hydrogen-
methane system was ±2 per cent. This uncertainty was introduced in the 
value of the Enhancement Factor used in Equation (V-l) and its effect on 
the B p is reflected in the ±6cc/gm. mole in the value of B p. Thus, 
the effect of an error in the Enhancement Factor on the value of B p can 
be significant. 
The quoted accuracy of the phase equilibria data used in this 
work was in most cases about ±3 per cent. This uncertainty was intro-
duced in the Enhancement Factor used for the calculating of B ̂  by 
Equation (V-l). 
For each system the selected phase equilibria data (in the form 
of the Enhancement Factor and mole fraction of helium in the liquid 
phase) were first smoothed graphically. The smooth values were read off 
at regular pressure intervals. These values are presented in Appendix 
F and were used to calculate B . The LJCL, KEH, and KIHQ models were 
used to compute the values for B , C-,-,-,? C ?, C ? ? in Equation (V-l). 
In all instances, the parameters selected for use in the several models 
were those which represented the experimental second virial coefficients 
of the pure gases with good accuracy. 
Figure 6 i l l u s t r a t e s some typical r e s u l t s . The 7^.05 K isotherm 
for helium-argon i l l u s t r a t e s the symmetric effect of +3 per cent and -3 
per cent var ia t ion in the experimental Enhancement Factor. The l8 l .05 K 
isotherm for helium-carbon dioxide i l l u s t r a t e s the dependence on the 
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Figure 6. Graphical Determinat ion 
Coe f f i c i en t . 
of I n t e r a c t i o n Second V i r i a l 
u9 
B to the experimental value of the Enhancement Factor. Where the data 
resulted in an extremely non-linear B 2 versus (P - p ) relation, no 
extrapolation was attempted to find the value of B ? at (P - P01) = 0. 
Results of B-.0 Extraction from Phase Equilibrium Data 
This section presents the B p values from phase equilibria data 
for the several systems. Also presented are the B p data available from 
the literature for the helium-carbon dioxide, -argon, -methane, -nitrogen. 
and -oxygen systems. The B p data from this work and the B _ data from 
the literature were plotted together and smooth curves were drawn 
through the data. These smooth curves are presented in Figures 7 to 11 
as the unlabeled curves. The curves labeled "LJCL" and "KIH" or "KIHQ" 
mean that they are the respective theoretical curves for that model. 
The legends "B using LJCL model" and "B using KIH (or KIHQ) model" 
mean that the LJCL and the KIH (or KIHQ,) model, respectively, was used 
in Equation (V-l) to compute B , C , C , and C . 
It should be noted that the criterion used in the selection of 
the phase equilibria data for use in the B p extraction is that the 
experimental Enhancement Factor not show great scatter. Thus, all the 
discussions of "data" in this section are in the context of the En-
hancement Factor. 
B 0 for the Helium-Carbon Dioxide System 
The phase equilibria data for the helium-carbon dioxide system 
k o 
consist of those of this work, those of Barrick et al. , and the 190 K 
isotherm of Ewald . The data of Ewald were combined with the 190.03 K 
isotherm of this work. The smoothed values of the above data are pre-
50 
sen ted in Table 25 of Appendix F. The physical properties of helium 
and carbon dioxide presented in Appendix E were used together with the 
smoothed phase equilibria data to calculate the value of B,p. The re-
sults are presented in Figure 7 together with the available B p data for 
this system. The smooth values read from Figure 7 are in Table 3-
The length of the vertical lines indicate the range of error of 
the B.p values. The experimental B values for helium-carbon dioxide 
from Cottrell and Hamilton , Harper and Miller , and Pfefferle, Jr., 
72 
et al. are also plotted in Figure 7. The drawing of the smooth curve 
was guided by the data and the curvature of the theoretical curves. 
The B p obtained in this work show an error of ± 5 cc/gm mole. The single 
12 
-O. 
value of Harper and Miller at 303-15 K has a quoted error of ± 1.2 cc. 
At 303.15°K the value of Pfefferle, et al. is 18.9 cc. The three points 
of Cottrell and Hamilton have errors of ± 3-̂ -, ± 3-0, and ± 6.8 cc at 
303.15, 333.15, and 363.15°K, respectively. The values of B at 303.15°K 
by Harper and Miller, and Cottrell and Hamilton agree to within 0,8 cc, 
lending confidence to this datum point. The single point of Edwards 
and Roseveare at 298 K for B,p is -36.07 cc. This point was not in-
cluded in the considerations. 
It can be seen that the LJCL model computes B 9 values that are 
higher, and the KIHQ, model computes B p values that are lower than the 
smooth curve, which passes through the upper limits of the B p obtained 
here. Thus, great weight was given the literature B values at the 
higher temperatures and to the theoretical curvature. 
B 0 for the Helium-Argon System 




Figure T« B for t h e Helium-Carbon Dioxide System. 
Table 3 . B „ for the Heliiam-Carbon Dioxide System 










10, •9 ± 5 
12 .3 ± 5 
13-• 5 ± 5 
15. • 7 ± 5 
17. .6 ± 5 
19. .1 ± 5 
20, A ± 5 
21, • 5 ± 3.5 
23. .6 ± 3.5 
53 
„ „, . _. 6^,66 „, _ . 56 , „. , T,. ,86 ,, _ . 
those of Mulling , McCain ., and Sinor and Kurata . McCain mea-
sured the dew-points of helium-argon mixtures between 99•7̂ - and 150.62 K. 
6k 
It has been shown that these data appear to be subject to considerable 
errors, especially at the lower temperatures. Sinor and Kurata mea-
sured only the solubility of helium in liquid argon from 93.15 "to 1^8.15 K 
and from 250 to 2000 psia. Their results are only slightly higher than 
6k 
those of Mullins. The smoothed phase equilibria data of Mullins 
(Table 26 in Appendix F) were used in this work. He had already computed 
the B,p from his unsmoothed data. The values computed here from the 
smoothed data are essentially the same as his since the data were quite 
smooth to begin with. Figure 8 shows the results together with other B p 
data. The smoothed values from Figure 8 are shown in Table h. 
The other B _ data for this system consist of: one point at 90 K 
kQ 77 
by Knobler, et al. , which was recomputed by Prausnitz and Myers ; six 
points by Kalfoglou and Miller^ between 303.15 and 773.15°K. The 
length of the vertical lines indicates the range of error in the values 
of B.,p. No error estimate was quoted for the single point by Knobler, 
et al. Their value is above that of the present work. But when corrected 
by Prausnitz and Myers, the point agrees very well with present results. 
The error in the B,p obtained here is ± 2.5 cc. Kalfoglou and Miller 
quote an error of ± 0.3 cc for their results. The drawing of the 
smooth curve was guided by the existing data and the theoretical curva-
ture. In the helium-argon system the smooth curve passes through all 
the points nicely. The smooth curve is higher than the LJCL curve, which 
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Figure 8. B for the Helium-Argon System. 
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Table h. B for the Helium-Argon System 




































-10.7 ± 2.5 
-7-8 ± 2.5 
-5-2 ± 2.5 
-2.9 ± 2.5 
-1.0 ± 2.5 
0.8 ± 2.5 
2X ± 2.5 
3.7 ± 2.5 
6.1 ± 2.5 
8.0* ± 2.5 
9.6* ± 2.5 
10.9* ± 2.5 
12.1* ± 2.5 
13.0* ± 2.5 
13.8* ± 2.5 
1U.5* ± 2.5 
15.1* ± 2.5 
15.6* ± 2.5 
16. h* ± 2.5 
17.1* ± 2.5 
17.7* ± 2.5 
18.2* ± 2.5 
18.6 ± 0.3 
19 A ± 0.3 
19.9 ± 0.3 
20.1 ± 0.3 
20.3 ± 0.3 
20. h ± 0.3 
20. h ± 0.3 
20.3 ± 0.3 
20.1 ± 0.3 
19.9 ± 0.3 
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B-jo for the Helium-Methane System 
The phase equilibria data for the helium-methane system consist 
of the following: 
Solid-vapor: Hiza and Kidnay (55 to 87 K up to 1̂ 0 atm) 
Liquid-vapor: Sinor, et al. - (93-15 to l88.15°K up to 200 atm) 
Heck and Hiza2 (9^.97 to l8U.83°K up to 200 atm) 
Gonikberg and Fastovskii ^ (90.3 to 106.0°K up to l60 atm) 
Kharakhorin 1 (91.1 to 150.3°K up to 170 atm) 
The data of Hiza and Kidnay are very smooth, and were selected 
for use here. The data of Kharakhorin, and Gonikberg and Fastovskii 
show great scatter. Heck and Hiza have compared these data with their 
own data with those of Sinor, et; al. Below 1̂-0 K the gas phase data of 
Sinor, et al. are consistently higher. Above 1̂-0 K the two sets of 
gas phase data agree well. The liquid phase data of the two groups are 
in good agreement. The data of both groups were used here. The smoothed 
data are presented in Table 27 of Appendix F. The results are presented 
in Figure 9 and the smooth values are in Table 5. 
No independently determined values of B p for the helium-methane 
system are available. Thus, there was no independent guide for the 
drawing of the smooth curve. The B p obtained from the liquid-vapor 
data appear to be consistently lower than those from the solid-vapor data. 
The points in the solid-vapor region follow the curvature of the theore-
tical curves quite well, and the smooth curve was drawn accordingly. 
In theihigher temperature region the smooth curve was drawn through the 
points, even though the resultant curvature is at odds with the theoreti-
cal curves. 
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Figure 9» B for the Helium-Methane System. 
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Table 5- B for the Helium-Methane System 
T°K 1000/T, ( ° K ) - 1 B i p , cc/gtn mole 
55 18.18 -17.3 ± 3 
60 16.67 -11.0 ± 3 
65 15.39 -5.5 ± 3 
70 1U.29 -1.2 ± 3 
75 13.33 2.0 ± 3 
80 12.50 h.6 ± 3 
85 11.77 6.6 ± 3 
90 11.11 8.3 ± 3 
95 10.53 9-7 ± 3 
100 10.00 10.9 ± 3 
110 9.09 12.9 ± 3 
120 8.33 1̂ .6 ± 3 
130 7.69 16.0 ± 3 
1^0 7.1^ 17.2 ± 3 
150 6.67 18.2 ± 3 
160 6.25 19.1 ± 3 
170 5.88 19.9 ± 3 
180 5.56 20.6 ± 3 
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The average e r r o r , as i n d i c a t e d by the l eng th of the v e r t i c a l 
l i n e s , i s ± 3 cc . The t h e o r e t i c a l LJCL and KIH curves a r e again below 
the smooth curve , wi th the LJCL curve h igher than the KIH cu rve . 
B , 0 f o r the Helium-Nitrogen System 
The phase e q u i l i b r i a data for the he l ium-n i t rogen system c o n s i s t 
of the fo l lowing in the l i qu id -vapor r eg ion : 
Buzyna, e t a l . (77.23 to 122.82°K up to 67.8 atm) 
DeVaney, e t a l . 1 (77 to 120°K up to 136 atm) 
Fedor i tenko and Ruhemann (6U to 108 K up to 150 atm) 
Kharakhorin 2 (68 to 111.5°K up to 21^.5 atm) 
Op. 
Rodewald, et al. (6^.9 to 77.2°K up to 68 atm) 
20 In the solid-vapor region there are the data of Dokoupil between 35 
and 65 K and from 5 "to 10 atmospheres. His data show large scatter and 
were not used here. 
The data of Buzyna, et al. are few and show great scatter. The 
data of DeVaney, et al. are scattered below 90 K and 50 atm, but are 
otherwise smooth. Fedoritenko and Ruhemann presented their results 
graphically, which is inadequate for accurate readings. The helium-
kl 
nitrogen data of Kharakhorin, as in his data for the helium-methane 
system, show extreme scatter. The data of Rcdewald, et al. are not 
extensive and are quite smooth. Table 6 shows the Enhancement Factor 
at 60 atm and a nominal temperature of 77 K from these data sources. 
While the results in Table 6 do not show the scatter within the 
different sets of data, they show the range of agreement of the different 
sets of data. The data of DeVaney, et al. and Rodewald, et al. were used 
in this work. The smoothed values of these data are in Table 28 of 
6o 
Table 6. Enhancement Factor of Nitrogen in 
Helium at 60 atm and 77 K 
Source Temperature, K 0 
Buzyna et al.8 77.23 1.65 
1 P 
DeVaney et al. 77 1.38 
2k 
Fedoritenko & Ruhemann 78 1.39 
k2 
Kharakhorin 77-3 1.20 
PC) 
Rodewald et al. 77-2 1.1*3 
6] 
Appendix F. The B p obtained are shown in Figure 10, together with 
other Bnp data. The smoothed values are shown in Table 7. 
The one point at 90 K byKnobler, et al. is higher than the 
results obtained here. When it is corrected by Prausnitz and Myers 77 
it falls below the present results by about the same amount. Canfield, 
9 o 
et al. have measured the Bnp of helium-nitrogen from 133.15 to 273.15 K. 
Witonsky and Miller"^7 measured the B-p from UU8.15 to 7^8.15 K, with a 
51 quoted accuracy of ±0.19 to 0.k2 cc. The results of Ku and Dodge are 
at 3H.7 and 373.2 K. Kramer and Miller give one value at 303.15 K. 
The one B p value of Pfefferle, Jr., et al.
7 at 303.15°K is 
slightly lower than the other data. At 298 K Edwards and Roseveare. 
report a B p of 12.55 cc, much lower than the other data. Van Itterbeek 
99 and Van Doninck have measured the second virial coefficients of helium, 
nitrogen, and helium-nitrogen with the velocity of sound technique„ 
Their pure virial coefficients were much in error and so were the inter-
action virial coefficients. 
Again, the length of the vertical lines indicates the range of 
error. The error in this work is ±2.5 cc. The smooth curve was drawn 
with more weight given to the data of Canfield, et al.,and the theoreti-
cal curvature. The smooth curve lies below the B,p obtained in the 
higher temperature region of the phase equilibria data, but passes 
through the low temperature region nicely. 
35 K. R. Hull has recently measured the B p of helium-nitrogen at 
-l60 and -170 C. His values are 11.26 and 10.90 cc, respectively. The 
first point almost falls exactly on the smooth curve while the second 
point is about 1.6 cc above the smooth curve. 
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Figure 10. B for t he Helium-Nitrogen System. 
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T a b l e 7- B f o r t h e H e l i u m - N i t r o g e n Sys tem 
T°K 1 0 0 0 / T , (°K) B , cc /gm mole 
75 1 3 . 3 3 1.2 ± 2 . 5 
80 1 2 . 50 3 . 0 ± 2 . 5 
85 1 1 . 7 7 k.6 ± 2 . 5 
90 1 1 . 1 1 6 . 1 ± 2 . 5 
95 1 0 . 5 3 7.1+ ± 2 . 5 
100 1 0 . 0 0 8 . 5 ± 2 . 5 
110 9 . 0 9 1 0 . 6 ± 2 . 5 
120 8 . 3 3 1 2 . 3 ± 2 . 5 
130 7 . 6 9 1 3 . 7 ± 2 . 5 
ll+0 7 . 1 ^ 1U.9 ± 2 . 5 
150 6 . 6 7 1 5 - 9 ± 2 . 5 
160 6 . 2 5 1 6 . 8 ± 2 . 5 
170 5 .88 1 7 . 5 ± 2 . 5 
180 5 .56 1 8 . 2 ± 2 . 5 
190 5 .26 1 8 . 8 ± 2 . 5 
200 5 .00 1 9 . 3 ± 2 . 5 
220 J+.55 2 0 . 1 ± 2 . 5 
2^-0 1+.17 2 0 . 7 ± 2 . 5 
260 3 . 8 5 2 1 . 3 ± 2 . 5 
280 3 . 5 7 2 1 . 8 ± 2 . 5 
300 3 . 3 3 2 2 . 1 ± 2 . 5 
350 2 . 8 6 2 2 . 5 ± 2 . 5 
Uoo 2 . 5 0 2 2 . 7 ± 2 . 5 
^50 2 . 2 2 2 2 . 7 ± o.k 
500 2 . 0 0 2 2 . 5 ± o.k 
550 1.82 2 2 . 2 ± o.k 
600 1 .67 2 1 . 8 ± O.k 
650 1 . 5 ^ 21.1+ ± o.k 
700 1.1+3 2 0 . 9 ± o.k 
750 1 .33 2 0 . 3 ± o.k 
6h 
Again, the smooth curve is above the LJCL curve which is in turn 
above the KIHQ, curve. 
B-.0 for the Helium-Oxygen System 
5 
Barrick and Herring have measured the liquid-vapor equilibrium 
of the helium-oxygen system from 69.9 to 1^9.91 K and up to 200 atm. 
86 Sinor and Kurata have measured the solubility of helium in liquid 
oxygen from 77-35 to 1^3.15 K and up to 2000 psia. The data of these 
groups agree very well. No other phase equilibria data are available 
for this system. The data of Barrick and Herring were used here. The 
smoothed values are presented in Table 29 of Appendix F. 
Figure 11 shows the results, and the smooth values are shown in 
Table 8. Also shown in Figure 11 is the only other B p data point 
available. It is the point at 90 K of Knobler, et al. It is lower 
than the smooth curve by 2.4 cc. When corrected by Prausnitz and Myers 77 
99 it becomes even lower, by about 17.2 cc. Van Itterbeek and Van Doninck 
have measured the second virial coefficients of helium, oxygen, and 
helium-oxygen mixture with the velocity of sound technique. Their pure 
virial coefficients were much in error, as also were their interaction 
virial coefficients. The LJCL curve is in excellent agreement with the 
results; hence, it is chosen to represent the smooth curve. As in all 
the other systems, the KIH curve is below that computed by the LJCL model. 
Since the LJCL curve is used to represent the smooth curve, the 
least-squares fitting of the smooth values in Table 8 to the Lennard-
Jones (6-12) parameters yields the same values as given by the LJCL model. 
30 
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Figure 11. B _ for the Helium-Oxygen System. 
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Table 8. B _ for the Helium-Oxygen System 
T°K 1000/T, (°K) ' B , cc/gm mole 
70 1U.29 -12.1 ± 2.5 
75 13.33 -8.9 ± 2.5 
80 12.50 -6.3 ± 2.5 
85 11.77 -k.o ± 2.5 
90 11.11 -2.0 ± 2.5 
95 10.53 -0.2 ± 2.5 
100 10.00 1.3 ± 2.5 
110 9.09 k.l ± 2.5 
120 8.33 6.3 ± 2.5 
130 7.69 8.0 ± 2.5 
1̂ 0 7.1^ 9.5 ± 2.5 
150 6.67 10.7 ± 2.5 
Least-Squares Fitting of B p to Lennard-Jones (6-12) Parameters 
The B 0 data for the helium-carbon dioxide, -argon, -methane, 
-nitrogen, and -oxygen systems in Tables 3? ^> 5? 7? and 8, were least-
i (~}f{ 
squares fitted (by a procedure worked out by Ziegler and Mullins ) to 
the Lennard-Jones (6-12) parameters for the classical potential func-
tion. Three cases were considered: 
(i) Both (e/k) p and (b ) allowed to vary to fit the B p data 
(ii) With (e/k) p fixed at the geometric average, (b ) p allowed 
to vary to fit the B p data 
(iii) With (b ) fixed at the Lorentz average, (e/k) p allowed 
to vary to fit the B p data. 
The data were divided into two groups. One group consisted of 
only data below 300 K. The other consisted of all the data. The para-
meters which resulted from a fit of the data below 300 K are presented 
in Table 9« The point by point fit for the systems is given in Tables 
31 through 35 in Appendix H. The parameters resulting from a fit of all 
the B p data are shown in Table 36 in Appendix H. 
In order to compare the parameters in Table 9 with those given 
by the combination rules of Equations (lV-19) and (lV-21), the follow-
ing relations are defined: 
(e/k) (from B data) 
12 x 12 
<* - — ^ ^TTTo- (V-2) 1/2 
(e/k). (e/k) 
(b )no (from B data) 
0 1 2 1 2 (V-3) 
1 
B" 
1/3 l/3n 3 
(b ) n + (b ) 0 
v o 1 o72 
r-3 
Table 9. Least-Squares Fit of B12 to LJCL (6-12) 
Parameters (T £ 300°K) 
Case (i) Case (ii)a Case (in)* 
(eA)12 <Vl2 (e/k)12 <Vl2 (eA)12 (\h2 
System °K cc/gm mole °K cc/gm. mole °K cc/gm mole 
He-C02 38.898 52.95 3U.96O ^7.33 U2.873 62.31 
He-Ar 25.523 38.13 28.815 37-66* 2U.287 35.06 
He-CH^ 21.595 50.61 28.216 32.Uo* 21.896* 60.66 
He-N2 21.56U U3.08 25.093 U7.17* 21.917 UU.58 
He-02 27.959 38.87 27.920 38.92 27.96O 38.83 
(e/k) computed from geometric average using e/k parameters from 
Table 15 
b 
(b ) » computed from Lorentz average using b parameters from Table 
15 
Fit of some points outside of error of input data 
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Values for a and |3 are shown in Table 10. 
It can be seen from Table 10 that a better fit for the interaction 
second virial coefficient is obtained by an adjustment of the energy 
parameter (e/k) than by an adjustment of the volume parameter, b . The 
values of a in Table 10 for case (i) and case (iii) are quite close. 
This indicates that the use of the Lorentz average combination rule 
(Equation(lV-21)) for b is a more valid one than the geometric mean 
combination rule (Equation (lV-19)) fo r ( eA). The B data are fitted 
better in case (iii) than in case (ii). Thus, the parameters obtained 
for case (iii) were used in the LJCLA. model for calculating the Enhance-
ment Factor. 
The least-squares fitting of the second virial coefficient to the 
Kihara core model is more complicated than for the Lennard-Jones (6-12) 
model. This is because the shape parameters of the convex cores must 
be determined. Because of this added complication the least-squares 
fit of the B,p data with the Kihara core model was not attempted. In 
retrospect, rigor could perhaps have been profitably traded for results 
6k 30 
by adopting the method used by Mullins , and Hiza and Duncan , of 
arbitrarily adjusting (u/k) to fit the B_ _ data. 
30 Recently, Hiza and Duncan developed a correction factor k _ 
for the geometric average combination rule of the Kihara core model. 
Their k is equivalent in form to (l-a), where a (defined by Equation 
(V-2)) is the correction factor derived here for the geometric average 
combination rule for the Lennard-Jones (6-12) model. Hiza and Duncan 
took a different approach in the determination of their correction fac-
tor. They obtained the B _ from phase equilibria data directly by a 
70 
Table 10. Ratio of Least-Squares Fi t ted Interact ion 
LJCL (6-12) Parameters to those Given by 
Combination Rules (T ^ 300°K) 
Case (i) Case (ii) Case (iii) 
System a** 3** a p (X 3 
He-C02 1.113 0.850 1 .0 0.760 1.226 1 .0 
He-Ar 0.886 1.088 1 .0 1.07^* 0.878 1 .0 
He-CH^ 0.765 0 .83^ 1 .0 0.53^* 0.776* 1 .0 
He-N? 0.859 0.966 1 .0 1.058* 0.873 1.0 
He-02 1.000 1.000 1 .0 1.000 1.000 1.0 
* Fit of some points outside of error of input data. See Tables 31 
to 35 in Appendix H 
** Defined by Equations (V-2) and (V-3) 
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least-squares fit of the experimental Enhancement Factor data with 
the Enhancement Factor equation,. They obtained, k _ by adjusting the 
energy parameter in the Kihara core model to fit the B p. Their k 
values for the helium-methane, -argon, and -nitrogen systems are 0.^0, 
6k 
0.22 (from Mullins ), and 0.25, respectively. The equivalent (l-a) 
values obtained in this work (Table 10, case iii) for the same systems 
are 0.22U, 0.122, and 0.127, respectively. It is interesting to note 
that the k p values are nearly twice as large as the (l-a) values. This 
difference in the correction factors are probably due to the difference 
in the models for which the factors were derived. They were able to 
correlate their k p values with ionization potentials of the molecules. 
However, the equivalent (l-a) values derived here did not fit their 
correlation. It is also interesting that the (l-a) value for helium-
carbon dioxide is negative. This is contrary to their assumption that 
k should always be positive. Thus, it seems that such correlation 
factors may not be universally true but tend to be specific to the 
models for which they were derived. However, the idea of the correlation 
of the correction factors for a given model becomes more attractive as 
more systems are analyzed in this manner. 
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CHAPTER VI 
COMPARISON OF EXPERIMENTAL AND PREDICTED ENHANCEMENT FACTORS 
Theoretical Enhancement Factors for the helium-carbon dioxide, 
-argon, -methane, -nitrogen, and -oxygen system have been calculated 
with the LJCL, KIH, KIHQ, and LJCLA models (see Chapter IV). The 
detailed results are presented in Tables 25 through 29 in Appendix F. 
Figures 12 through l6 show the Enhancement Factor at a low and high 
temperature for each system. They are representative of the overall 
results. Also shown for comparison are the experimental Enhancement 
Factors, 
For all the systems, the KIH and KIHQ models predict a larger 
Enhancement Factor than the LJCL model, which in turn predicts a larger 
Enhancement Factor than the LJCLA model. This follows from the way the 
interaction second virial coefficient compares for the four models. 
Since the models predict the pure second virial coefficients well, it 
is the B which is not being predicted correctly. In Chapter V it 
was shown that the LJCL model calculated a B p that was greater than 
that calculated by the KIH and KIHQ, models. Since B „ contributes 
negatively to the Enhancement Factor, the KIH and KIHQ, model Enhancement 
Factors are greater than the LJCL value. For the same reason, the LJCLA 
model Enhancement Factor is smaller than that of the LJCL model. How-
ever, the helium-carbon dioxide system (Figure 12) is an exception to 
the preceding considerations. In this system, the LJCLA model Enhance-
73 
ment Factor lies between the KIHQ, and LJCL model results. But this is 
consistent with the fact that the LJCLA model B p lies between the 
values predicted by the LJCL and KIHQ, models, as is shown in Figure 7 
of Chapter V. 
It is interesting to note that the Enhancement Factor for the 
helium-carbon dioxide system increases with increasing temperature. 
This trend is the reverse of the trend for the other helium systems, 
in which the Enhancement Factor decreases with increasing temperature. 
Figure 12 shows that the theoretical calculations predict the observed 
trend of the Enhancement Factor for the helium-carbon dioxide system. 
The contributions of the various terms in Equation (IV-9) were examined 
for all the systems for a possible explanation. It was found that no 
single term by itself could have indicated the unusual behavior of the 
helium-carbon dioxide system. It is the combination of the relative 
sizes of the various terms that is important. However, some interesting 
things are revealed by the detailed examination of the contributions 
arising from these several terms. One is that the YpB-io "term for the 
helium-carbon dioxide system compared with those for the other systems 
was relatively insensitive to temperature changes. This observation 
by itself does not indicate the temperature dependence of the Enhance-
ment Factor. Indeed, yp is obtained only after the Enhancement Factor 
has been calculated. Another interesting feature of the helium-carbon 
dioxide system is that the B p for this system is positive and greater 
than the B19 for theother systems. This feature would lead one to 
suspect that the Enhancement Factor for the helium-carbon dioxide system 
would be smaller than for the other helium systems. But it would not 
7h 
indicate whether the Enhancement Factor would increase with increasing 
temperature. Although there does not appear to be an a priori reason 
for the unusual behavior of the Enhancement Factor for the helium-
carbon dioxide system, the theoretical models are able to predict the 
behavior. This is an encouraging and interesting property of these 
models. 
The isotherms for the helium-carbon dioxide system are shown 
in Figure 12. The experimental l8l.05 K isotherm in the solid-vapor 
region was measured in this work, while the 27^-. 9 K isotherm in the 
k o 
liquid-vapor region is that of Barrick, et al. At l8l.05 K the LJCL 
model is consistently lower, while the KIHQ model is consistently 
higher than the experimental results. At 120 atmospheres the LJCL 
model is low by 9 P e r cent and the KIH model high by h per cent. These 
are not great disagreements considering the fact that the experimental 
results are about ± 3 per cent in error. The agreement between the 
LJCLA model and the experimental results is almost quantitative for 
the 181.05-K isotherm. At 120 atmospheres the LJCLA model is about 1 
per cent high. At 27^.9 K all the three models are low with respect 
to the experimental Enhancement Factor. The LJCL and LJCLA models show 
a maximum at 110 and 135 atmospheres, respectively„ This maximum is 
absent from the experimental results. The KIHQ model also shows a maxi-
mum, but at the higher pressure at 190 atmospheres. At the higher 
pressures, the influence of the third virial coefficient becomes important 
and probably accounts in part for the maximum in the theoretical curve. 
At 27^.9 K the agreement between the KIHQ, model and experimental results 










Figure 12. T h e o r e t i c a l and Experimental Enhancement Fac to r s in 
the Helium-Carbon Dioxide System. 
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the LJCLA model is low by 15 per cent, and the LJCL model is low by 20 
per cent. Thus, in the helium-carbon dioxide system the KIHQ, model is 
better than the LJCL model, especially at the higher temperature. At 
lower temperatures, the LJCLA model is better, although its improvement 
over the KIHQ, model is slight, 
Figure 13 shows the 68.07 K isotherm in the solid-vapor region 
and the 108.02 K isotherm in the liquid-vapor region for the helium-
Gk 
argon system. The experimental results are those of Mullins . The 
general order of the theoretical curves with respect to each other and 
to the experimental results corresponds to the order existing in the 
interaction second virial coefficient. At 68.07 K and 120 atmospheres 
the KIH, LJCL, and LJCLA models predict Enhancement Factors which are 
higher than the experimental value by 55, 31.> and 7 per cent, respective-
ly. At 108.02 K and 120 atmospheres, the corresponding figures are 26, 
13, and 3 per cent, respectively. In the helium-argon system the LJCLA 
model is to be recommended for predicting the Enhancement Factor. 
The results for the helium-me thane system are shown in Figure 1̂ -. 
Also shown are the experimental results at 6() K of Hiza and Kidnay 
in the solid-vapor region. The 188.15 K experimental isotherm in the 
liquid-vapor region is that of Sinor, et al. At 60°K and 130 atmos-
pheres, the KIH and LJCL models predict Enhancement Factors which are 
nearly 3 and 2.25 times the experimental value, while the LJCLA model 
essentially reproduces the experimental results. At 188.15 K all the 
three models are inadequate. The KIH, LJCL5 and LJCLA models predict 
Enhancement Factors at 130 atmospheres which are 23, 32, and 37 per cent 
lowerthan the experimental values, respectively. The LJCLA model does 
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Figure 13. Theoretical and Experimental Enhancement Factors in 
the Helium-Argon System. 
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Figure lk. Theoretical and Experimental Enhancement Factors in 
the Helium-Methane System.. 
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poorly in the liquid-vapor region, but does very well in the solid-
vapor region. In the liquid-vapor region up to about 155 K the 
LJCL model is to be recommended. Above 155°K the KIH model gives 
slightly better results, 
Figure 15 shows the results for the helium-nitrogen system. 
The experimental isotherms are the 77 and 100 K isotherms of DeVaney, 
-i O 
et al. Above 100 K and at the higher pressures, the volumes of 
the gas phase does not converge and the computations fail. At 77 K 
and 1̂-0 atmospheres, the KIHQ,, LJCL, and LJCLA models predict Enhance-
ment Factors which are 63, 35? and 10 per cent higher than the experi-
mental values, respectively. At 100 K and 1^0 atmospheres, the cor-
responding figures are 52, 22, and h per cent, respectively. However, 
the UCLA model at 100 K does better at the higher pressures in comparison 
to its performance at the lower pressures. In the helium-nitrogen system 
the LJCLA model gives better results than the KIHQ, and LJCL models, 
Figure l6 shows the results for the helium-oxygen system. Experi-
mental isotherms in the liquid-vapor region at 69.9 and 129.95 K shown 
5 o 
are those of Barrick and Herring . Above 129.95 K and at higher pres-
sures the models calculate non-convergent gas phase volumes. In this 
system the LJCL and LJCLA models were assumed to be identical. At 
69.9 K and 200 atmospheres the KIH and LXL models predict Enhancement 
Factors which are t̂-1 and 12 per cent higher, respectively, than the 
experimental values. At 129.95 K the LJCL model predicts almost exactly 
the experimental results. The Enhancement Factor predicted by the KIH 
model at this temperature is consistently higher than the observed values, 
and at 180 atmospheres is higher by l6 per cent. In the helium-oxygen 
Figure 15• Theoretical and Experimental Enhancement Factors in 
the Helium-Nitrogen System. 
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Figure l6. Theoretical and Experimental Enhancement Factors in 
the Helium-Oxygen System. 
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system the LJCL and LJCLA models are identical because the B is ade-
quately represented by the LJCL model. Thus, the LJCL model is re-
commended for the prediction of the Enhancement Factor in this system. 
Using the LJCL model, the Enhancement Factor for the helium-oxygen 
system has been calculated at 5 degrees and 20 atmospheres from 60 to 
135 K and up to 200 atmospheres,, The results are presented in Table 
30 in Appendix G. 
It may be concluded from the Enhancement Factor calculations 
that none of the models examined here are consistently accurate for 
predicting the Enhancement Factor over all the temperature and pressure 
ranges. An exception is the LJCL model for the helium-oxygen system, 
in which the predicted and experimental Enhancement Factors were in 
close agreement. It can also be concluded that a model which can pre-
dict B,p accurately is a first step toward the building of improved 
models. The models presented in this work seems to be of use mainly 
in semi-quantitative calculations of the Enhancement Factor. 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The solid-vapor equilibrium for the helium-carbon dioxide system 
has been studied experimentally at l8l.05> 190«03j and 199*95 K and at 
pressures up to 120 atmospheres. The vapor composition in the liquid-
vapor equilibrium region at 220.31 K has been measured from 80 to 1̂ 0 
atmospheres. The Enhancement Factors computed from these data are 
estimated to be accurate to 1 3 per cent. The gas phase compositions 
for the 190.03 K isotherm agree well with the 190 K isotherm of Ewald , 
while the 220.31 K results also agree well with the data of Barrick, et 
k o 
al at 219.9 K. 
The interaction second virial coefficient, B-,p, has been extracted 
from the above phase equilibria data and from other available phase 
equilibria data for the helium-carbon dioxide, as well as for the 
helium-argon, helium-methane, helium-nitrogen, and helium-oxygen systems. 
The virial equation of state up to the third virial coefficient was used 
to represent the gas phase. The potential functions used to calculate 
the second virial coefficient were the Lennard-Jones (6-12) and Kihara 
core models. The third virial coefficient was calculated with the 
Lennard-Jones (6-12) model. It was assumed that the solid phase was 
the pure condensed component, and was incompressible; that the liquid 
phase was an ideal solution. The interaction second virial coefficients 
8U 
obtained from the phase equilibria data were compared with available B 
data for the systems. When compared with the few data available in the 
temperature region of interest and taken in conjunction with the higher 
temperature B,„ data, the B,p obtained here appear to be valid values. 
All the B1p data for each system were combined to give a graphically 
smoothed set of values. The smooth interaction virial coefficients so 
obtained were least-squares fitted to the Lennard-Jones (6-12) para-
meters . The resultant parameters showed that the conventional combina-
tion rules (geometric means for the energy parameter e/k, Lorentz aver-
age for the volume parameter b ) for the pure component parameters are 
in general not valid. The exception is the helium-oxygen system in 
which the conventional combination rules for the Lennard-Jones (6-12) 
model work very well. Also demonstrated was that the correct represen-
tation of the interaction second virial coefficient is more sensitive 
to the energy parameter,(e/k) p, than to the volume parameter, (b ) 1 P -
With (b ) given by the Lorentz average, the interaction second virial 
coefficient could be satisfactorily least-squares fitted to (e/k) „. 
The effect on the calculated Enhancement Factor of this modified 
Lennard-Jones (6-12) model was studied. As is to be expected, correctly 
calculating B,„ generally improves the predicted Enhancement Factor over 
that predicted with conventional combination rules. 
The Lennard-Jones (6-12) model (which represented the experimental 
Enhancement Factor for the helium-oxygen system accurately) was used to 
calculate the Enhancement Factor for the helium-oxygen system in the 
liquid-vapor region at regular temperature and pressure intervals. 
For the systems studied here, there is no conclusive evidence 
85 
that either the Lennard-Jones (6-12) or the Kihara core model is super-
ior. Both represent the second virial coefficients of the pure compo-
nents equally well. However, the Kihara core model was not as good in 
predicting the interaction second virial coefficient as the Lennard-
Jones (6-12) model, although neither in general predicted the correct 
B p. Thus, the main usefulness of these models appear to be for making 
semi-quantitative calculations. 
Recommendations 
Several suggestions for future study in this area of phase equili-
bria appeared during the course of this work. They are summarized below, 
1. The Kihara core model parameters used here are for cores of 
different shapes. The procedure for computing the third virial coeffi-
8k 85 
cient for this model has been worked out only for spherical cores ' 
It is recommended that in future work with this model the assumption 
of spherical cores be made for all molecules. 
2. The contribution of non-additive terms to the third virial 
Qk 
coefficient has been shown to be significant, especially at lower 
temperatures. Such corrections should be taken into account in future 
calculations of the third virial coefficient. 
3. The choice of the potential function parameters in this work 
was based on their adequacy in representing the second virial coeffici-
ent. It is recommended that future work give consideration also to 
their adequacy in representing the third virial coefficient. The 
12 
scarcity of third virial coefficient data below a reduced temperature 
of 0.8 would present some difficulties. Perhaps even a check of the 
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higher temperature data would be more desirable than no check at all. 
h. The method used here to extract the interaction second 
virial coefficient should be applied to other phase equilibria data. 
A modification of the present procedure to reduce the sensitivity to 
the mole fraction at low pressures would be desirable. The method of 
Chiu and Canfield is somewhat different from the method used here. 
However, it was shown that in the hydrogen-methane system (see Table 
2 in Chapter V), both methods resulted in values of B _ which agreed 
well. 
5. The testing of combination rules for potential function 
13 parameters should be continued. Chueh and Prausnitz have tested the 
combination rules for the critical constants and have developed a correc-
tion factor for the critical temperature combination rule. Hiza and 
Duncan have recently developed correction factors for the Kihara core 
13 model. Chueh and Prausnitz present their correction factor for an 
extensive list of substances, mostly hydrocarbon combinations. Eckert, 
pi vft 
et al and Renon, et al have developed an equation of state for 
simple liquids. They also use the same notion of a correction factor 
for the combination of the energy parameter in their equation. Chiu 
and Canfield have tested the combination rules for the Lennard-Jones 
(6-12) potential function for the hydrogen-methane system. The develop-
ment of these correction factors would be very useful in the applica-
tion of these models in multicomponent systems. An interesting study 
would be to test whether the correction factors as developed by Chueh 
13 and Prausnitz for the critical temperature would be applicable to 
the energy parameter of the Lennard-Jones (6-12) and Kihara core models. 
The correlation scheme for the correction factor developed by Hiza and 
30 
Duncan warrants further investigation in this regard. 
6. An area not investigated in this work is the extraction of 
the Henry's Law constant from the solubility data of helium in the 
73 liquids studied here. Pierotti presents a theoretical method for 
calculating the Henry's Law constant which could be compared with the 
experimental results. 
7. In the future study of a class of systems, as was done here, 
it would be advantageous to select systems in which the Enhancement 
Factor is rather large. A large Enhancement Factor would give better 
resolution to the various contributions to it. Solid-vapor equilibria 
data are especially valuable in that the reasonable assumption of a 
pure condensed phase could be made. For liquid-vapor equilibria data 
it is not as easy to describe the non-ideality of the liquid phase. 
Where the solubility of the compressed gas in the liquid is small, the 
assumption of ideal solution, as made here, could be made. 
APPENDICES 
APPENDIX A 
EXPERIMENTAL VAPOR PRESSURE OF ARGON AND CARBON DIOXIDE 
As a check on the temperature and pressure scales being used in 
the phase equilibrium apparatus, the vapor pressure of liquid argon and 
carbon dioxide was measured in the apparatus. The vapor pressure of 
argon was measured before, while that of carbon dioxide was measured 
after the phase equilibrium measurements on the helium-carbon dioxide 
system were completed. Tables 11 and 12 present the vapor pressure of 
argon and carbon dioxide, respectively. The corresponding values 
computed at the experimental temperatures from published vapor pressure 
equations are also presented for comparison. The vapor pressure of 
argon indicates a maximum difference of 0.04 atm between the low pressure 
gauge readings and the values computed from the equation of McCain and 
57 Ziegler. The corresponding maximum difference for the high pressure 
gauge is O.U atm. In the case of carbon dioxide the maximum difference 
between the low pressure gauge readings and the values computed from 
58 Equation 6 of Meyers and Van Dusen is 0.06 atm. For the high pressure 
gauge the maximum difference is O.k atm. While the observed vapor 
pressure of argon falls both above and below the computed values, the 
observed vapor pressure of carbon dioxide is consistently higher. 
The low pressure gauge readings were corrected by the addition of 
1 psi, while the high pressure gauge readings were corrected by the 
addition of 15 psi. These corrections were determined by Kirk, who 
calibrated the pressure gauges against a dead-weight gauge. Each scale 
Table 11. Experimental Vapor Pressure of Argon 
Vapor Pressure, atm 
This Work  
Temperature, Low Pres su re High Pressu re McCain & Van I t t e r b e e k Michels 
°K Gauge Gauge Zieg le r57 e t a l . 9 7 e t a l 6 1 
95.69 2.29 2 .68 2.254 2.254 2.247 
100.32 3.29 3.36 3.300 3.300 3.295 
105.35 4 .79 4.86 4.807 4.807 4 .801 
110.31 6.76 6.56 6.737 6.737 6.722 
115.35 9 .21 9 .21 9.220 9.219 9.190 
120.65 12.45 12.14 12.470 12.469 12.424 
125.13 15.75 16.02 15.786 15.785 15.736 
132.03 22.07 22 .41 22.048 22.047 22.015 
135.78 26.12 26.09 26.112 26.110 26.098 
140.01 31.33 31.12 31.330 31.328 31.335 
144.84 - - 38.27 38.203 38.199 38.213 
lkQ.09 43.37 43.429 43.427 43.430 
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Table 12. Experimental 'Vapor Pressure of Carbon Dioxide 
Temperature, K 
Vapor Pressure, atm 
This Work 
Low Pressure High Pressure Meyers & Van Dusen 58 






























division on the low pressure gauge represented 2 psi. On the high 
pressure gauge each scale division represented 10 psi. The pressure 
gauges were readable to the nearest half division, which corresponds to 
an experimental precision of 1 psi (0.07 atm) and 5 psi (0.3^ atm) in the 
readings of the low and high pressure gauges respectively. Thus the 
vapor pressure of argon and carbon dioxide measured in this work agrees 
with the literature values within the range of the experimental accuracy 
of the pressure measurements of this work. These vapor pressure 
measurements also provide a check of the temperature scales (NBS 1955 
Scale for temperatures below 90«l8 K and International Practical Kelvin 
Scale for temperatures above 90*18 K) and the purity of the argon and 
carbon dioxi.de used in this laboratory. The agreement of the Enhancement 
Factor in the helium-carbon dioxide system measured in this work with 
those measured by Barrick et ai. (see Figure 5; provide an indirect 




HELIUM-ARGON SYSTEM MEASUREMENTS 
6k Between the measurements made by Mullins using t h i s apparatus 
and the present measurements the apparatus was relocated at another 
laboratory. To provide a quick check on the operation of the apparatus 
af ter the move and to gain some operating experience, a l imited run was 
made for the helium-argon system. This consisted of three points in the 
solid-vapor region a t 80 K. The r e su l t s are compared with those of 
Mullins in Figure 17. It can be seen that while the agreement is not 
very close, it can be concluded that the apparatus was in operating 
condition. Part of the disagreement is probably due to inexperience in 






















CALIBRATION OF GAS CHROMATOGRAPH 
Gas chromatography was used to analyse for carbon dioxide in the 
gas phase equilibrium helium-carbon dioxide .mixtures. The Perkin-Elmer 
h5 154B chromatograph, as modified by Kirk, was calibrated for this 
purpose. The analyses were made using a one-meter silica gel column. 
The calibration was obtained by the following procedure. A helium-
carbon dioxide mixture consisting of measured volumes of the two gases 
^5 is prepared in a gas-mixing burette (see Kirk for description). It is 
injected into the chromatograph with helium as the carrier gas. Only 
one peak corresponding to the prepared concentration of carbon dioxide 
is obtained since helium is the carrier gas,, If h is the peak height at 
an attenuation factor setting of s on the chromatograph, the product 
then (h.s) is the actual peak height corresponding to the prepared con-
centration y of carbon dioxide in the helium-carbon dioxide mixture. 
The peak height is first corrected by the procedure described below for 
any drift in the chromatograph. The corrected (h.s) is then plotted 
against (h.s/y) to obtain a point on the calibration curve. Any drift 
in the chromatograph is corrected by the following procedure. Bottles 
of helium-carbon dioxide mixtures of approximate composition lying 
within the planned range of the calibration curve are prepared prior to 
the calibration. The peak heights corresponding to these bottles are 
determined. These peak heights, (h.s) , in effect fix the state of the 
chromatograph at that point in time. Later runs on the chromatograph 
96 
are referred back to that state by means of Equation (C-l): 
fh.s)? sample _ fh.s) bottle sample /̂  \ 
(h.sj" sample (h.s)" bottle sample 
In Equation (C-l) (h.s)" indicates the peak heights measured at 
a time subsequent to the measurement of (h.s) of the bottle samples. 
Since the composition of the bottle samples remains the same, the right 
hand side measures the drift of the chromatograph. Thus (h.s)' is the 
peak height of a sample if the sampl'.-: had b^en analysed at the time (h.s) 
•was measured. Equation (C-l) is most sensitive if the peak height of a 
sample and that of the bottle sample are close together. This is the 
reason for preparing several helium-carbon dioxide samples. 
The calibration curve of carbon dioxd.de in helium is shown in 
Figure l8. As can be seen, the accuracy of the curve is about ±2 per 
cent. 
After running a sample of unknown composition through the 
chromatography a bottle sample of nearest composition is injected into 
the chromatograph. Equation (C-l) is then used to obtain the corrected 
peak height of the unknown sample, which can be then used to obtain the 
composition from the calibration curve. 
The description and normal operating conditions of the chromato-
graph are presented 'below: 
Chromatography Parkin-Elmer Model 154B, modified by Kirk 
Column.: Perkin-Elmer Column J; 1 meter silica gel column 
Oven setting: 30 
Oven temperature: ^k C 
(h.S./y)x10 
Figure 18. Calibration Curve for Carbon Dioxide in Helium. 
Carrier gas: Helium, at 15 psig; flow rate at 25 C and 1 atm 
pressure was about 300 cc/min 
Sample size: 25 cc at room temperature (25 C) and atmospheric 
pressure (7̂ +5 mm Hg) 
Detector voltage: 60 mv at shunt 
Recorder standardization voltage: 35 mv at shunt 
Chart speed: 1.5 inches per minute 
Elution time of carbon dioxide peak: 1 minute 
Table 13 gives the reference peak heights and composition of the 
standard sample. 
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Table 13. Composition of "Standard" Samples 
Bottle No. (h.s) mole % CO, 
h Gk.S x 2 0.3^2 
5 65.1 x h 0.701 
6 Gh.h x 8 I.U15 
7 61.6 x 16 2.769 
8 6l.l x 32 5.656 
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APPENDIX D 
SUMMARY OF EXPERIMENTAL DATA FOR 
THE HELIUM-CARBON DIOXIDE SYSTEM 
The experimental phase-equilibria data measured in this work for 
the helium-carbon dioxide system are presented in Table ik. Only the 
vapor phase composition was analyzed. The solid phase was assumed to be 
pure carbon dioxide. As a check with the 219-9 K isotherm of Barrick 
k 
et al., in the liquid-vapor region, the vapor composition of four points 
was measured for the 220.3 K isotherm. No liquid analysis was performed 
as no calibration had been prepared for the liquid range compositions. 
The data are presented in the order they were measured. The letter 
G or L refers to whether the sample was taken through the gas or liquid 
sample line. The numbers preceding and following G or L are the run 
number and sample number, respectively. When running in the vapor-solid 
region, the gas line sample is taken from the bottom of the cell while 
the liquid line sample is taken from a point approximately mid-point in 
the cell. Thus an agreement between the analysis of these two samples 
is a check on the equilibrium. When running in the vapor-liquid region 
the gas line sample is taken from the top of the cell, while the liquid 
sample is taken through the liquid sample line. As can be seen from 
Table ik there is close agreement between the Enhancement Factors for 
the gas line and liquid line samples. The selected values for the 
temperature, pressure, and Enhancement Factor are the average values. 
The residence time is the time a gas sample spends in the cell if 
it were in plug flow. The longer the residence time the closer is the 
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Table l4. Experimental Vapor Phase Equilibrium. Compositions 
in the Helium-Carbon Dioxide System. 
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Se lec ted 181.02 98.O8 (Residence Time = 
29 min) 1.123 
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i . o 4 o 
1.000 
Selec ted 181.04 59.98 
(Residence Time = 
29.6 min) 
1.019 
Table 14 (continued) 
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Table 14 ( cont inued) 
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Se lec ted 199.95 101.01 
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I .52786 0.02094 
1.53227 0.02106 




Selec ted 199.95 81.27 
(Residence Time = 










I .52703 0.02657 
1.53120 0.02638 




Selec ted 199.9^ 61.20 
(Residence Time = 
















Se lec ted 199.94 41.13 
(Residence Time = 

















Se lec ted 220.29 143.74 
(Residence Time = 
34.0 min) 1.226 
Table Ik (continued) 
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Selected 220.31 99.31 
(Residence Time = 













I . I 6 9 
1.166 
I . I 6 5 
Se lec ted 220.31 80. k6 
(Residence Time = 
32 .0 min) 1.167 
* From extrapolated calibration curve. 
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approach to equilibrium in the exit gas. An experiment to examine the 
effect of the residence time on the Enhancement Factor was carried out 
at l8l.05 K and 98.08 atmospheres. The experiment (sample numbers 1G6 
to 1G16) consisted of three points run at residence times of 29, 57^j 
and ik.Q minutes. The average Enhancement Factor at 57«5 minutes 
residence time is somewhat lower than the average values at the shorter 
residence times. This is consistent with the method of operating the 
apparatus by the condensation of the excess carbon dioxide from a super-
saturated helium-carbon dioxide mixture. But the range of the individual 
Enhancement Factors overlap each other. Hence, it was concluded that a 
residence time of about 30 .minutes was sufficient in practice to attain 
equilibrium for the helium-carbon dioxide system. 
The temperature of the equilibrium cell measured with the platinum 
resistance thermometer was plotted against the time. The temperature 
gradient between the top and bottom of the equilibrium cell, as measured 
with a six-junction thermopile., was also plotted against the time. The 
temperature and temperature gradient of the cell at the time a sample 
was taken were read from these two plots. The time lag between the time 
the sample left the cell and the time it was collected was neglected. 
The temperature of a sample taken through the gas-sample line was 
obtained by subtracting the temperature difference (between the top and 
bottom of the cell) from the temperature (on the International Practical 
Kelvin Scale) of the cell. This was because the top of the cell was 
warmer than the bottom, and the platinum resistance thermometer was 
located at the top of the cell. The gas flow was from top to bottom. 
The liquid-sample line extended to the middle of the cell. Thus the 
106 
temperature of a sample taken through this line was obtained by sub-
tracting half of the temperature difference (between the top and bottom 
of the cell) from the cell temperature. 
The observed pressure gauge readings were converted to correct 
^5 values by means of the calibration curve developed by Kirk. He 
calibrated the gauges against a dead-weight gauge. The low pressure 
(0-600 psi) gauge readings were corrected by adding 1 psi to the actual 
readings. The high pressure (0-3000 psi) gauge readings were similarly 
corrected by adding 15 psi. An average barometric pressure of O.98 
atmosphere was added to the corrected gauge pressures to give the absolute 
pressure (P in Table lh). The conversion factor from psia to atmosphere 
used was lU.696 psia equal to one atmosphere. 




SELECTION OF DATA FOR CALCULATIONS 
The physical properties and other data needed for the calculation 
of the Enhancement Factor are: 
(1) The Lennard-Jones (6-12) classicstl and the Kihara core model 
potential parameters 
(2) Vapor pressure of the condensed component 
(3) Molal volumes of the liquid and solid condensed component as 
a function of temperature and pressure. 
The criterion for the selection of the potential function parameters 
was that the second virial coefficient calculated with the parameters 
agree with the experimental data. The third virial coefficient, the 
highest coefficient considered in this work, was calculated in all cases 
with the Lennard-Jones (6-12) model. The agreement of the calculated 
third virial coefficients with experimental data could not be tested 
"because essentially no third virial coefficient data exist in the 
12 
temperature range of this work. Indeed, Chueh and Prausnitz found 
negligible amounts of third virial coefficient data below a reduced 
temperature of 0.8. However, Keesom's values for the third virial 
coefficient of helium are available and are compared with the calculated 
values in Figure 20. A discussion of the general problem of the third 
virial coefficient was presented in Chapter IV. Table 15 summarizes the 
molecular parameters selected. The second virial coefficients calcu-
lated with the selected parameters are compared with the experimental 
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Table 15. Lennard-Jones (6-12) and Kihara Core Parameters 
Parameter He C02 
Ar CH^ N2 °2 
LJCL 
(6-12) 





l o 8 ) 
1 1 2 . 0 ^ 
•bQ, cc/gra 22.9 131.8 50.91 126.40 76.869 60.84 
mole 
KIHARA.^77' 
U /k, °K 9.927 380.20 1U6.10 194.00 136.67 168.OO 
ro 
2.921 2.790 3.328 3.535 3.1^8 2.958 
M , A 
0' 
0.0 9.173 2.199 3.^05 h.69h 4.420 
o9 
S , A 
0 
0.0 2.469 0.3848 0.6m O.8130 0.4106 
V , A3 
0 
0.0 0.1781 0.022U5 0.02U70 O.03856 0.01000 
Q* 0.0 0.1793 0.0 0.0 0.2110 0.0 
Mol. Wt. 4.0026 44.0099^ > 39.9^8 16.0U303 28.0134 31.9988 
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data in the following sections dealing with each component individually. 
Equations which best represented the experimental vapor pressure 
data were selected for calculating the vapor pressures. The equations 
are presented in the sections discussing individual components. 
The density or specific volume data of the solid condensed com-
ponents were plotted against the temperature. The data were the 
saturation values, and the smooth values were obtained from smooth 
curves drawn through the points. The solid molal volume was assumed to 
be incompressible. The liquid molal volume was expressed as a function 
of temperature and pressure. The volume data were least-squares fitted 
with orthogonal polynomials in temperature (up to the third degree) and 
pressure (up to the second degree). This least-squares fitting procedure 
is described by Mullins and Ziegler, and also by Mullins. The 
pressure polynomial for an isotherm was obtained by substituting the 
temperature of the isotherm into the polynomial containing both tempera-
ture and pressure obtained by the fitting procedure. Again, the selection 
of the molal volume data is discussed in the following sections. 
Helium 
The Lennard-Jones (6-12) classical parameters for helium selected 
6k 
are those determined by Mullins by fitting the second virial coeffi-
cient data of White et al. The Kihara core model parameters are 
77 those determined by Prausnitz and Myers and includes the first two 
translational quantum corrections. Figure 19 shows a comparison of the 
calculated second virial coefficients of helium and the experimental 
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Ill 
this work (77 - 275 K) the calculated second virial coefficients of 
oo 
helium agree very well with the experimental data of Keesom, White 
106 9 33 
et al.j Canfield et al., and Hoover et al. Figure 20 shows the 
third virial coefficient calculated with the Lennard-Jones (6-12) 
parameters given in Table 15, together with the experimental data of 
Keesom, White et al., Canfield et al., and Hoover et al. The 
data of Keesom are higher than those of White et al., Canfield et al., 
and Hoover et al. The latter three sets of data agree very well. The 
calculated results are somewhat smaller than the data of White et al., 
Canfield et al., and Hoover et al. 
Carbon Dioxide 
The selected Lennard-Jones (6-12) parameters for carbon dioxide 
(Table 15) are those of Butcher and Dodson. The Kihara core model 
77 parameters are from Prausnitz and Myers, and includes an additional 
quadrupole correction to the second virial coefficient. Other Lennard-
5^+ Jones (6-12) parameters (such as those of McCormack and Schneider, 
29 \ Hirschfelder et al. ) were also considered. The parameters of Butcher 
and Dodson represented the second virial coefficient data best. Mullins 
65 
et al., adjusted the Kihara core model parameters of Prausnitz and 
Myers to give better agreement between the calculated and experimental 
vapor pressure (below 1 atmosphere) of carbon dioxide. The parameters 
which they adjusted were U /k to 38l.97°K and p to 2.925A. The 
second virial coefficient calculated from the above parameters and the 
experimental data are shown in Figure 21. No experimental data exist 


















Figure 21. Second Virial Coefficient of Carbon Dioxide 
11U 
Lennard-Jones (6-12) second virial coefficients agree well with the 
experimental data at the higher temperatures, as do those calculated 
with the Kihara parameters of Prausnitz and Myers. The former model 
computes a higher second virial coefficient than the latter model. 
The adjusted Kihara parameters of Mullins et al. predict second virial 
coefficients which tend to he low at higher temperatures, hut do better 
at the lower temperatures. In view of the scatter of the experimental 
data at the lower temperatures, the Kihara parameters of Prausnitz and 
Myers were selected. Enhancement Factors were also calculated with the 
Kihara parameters of Mullins et al. They did not differ greatly from 
those calculated with the Prausnitz and Myers' Kihara parameters. 
65 Mullins et al. ' have calculated the vapor pressure of carbon 
dioxide below one atmosphere. Their results agree very well with the 
experimental vapor pressure. Their calculated values from 1^0 to 
19̂ .69̂ - K (vapor pressure equal to one atmosphere) were selected to 
represent the vapor pressure of carbon dioxide over this temperature 
range. Twelve points, at five-degree intervals were least-squares 
fitted with polynomials in the temperature. A sixth degree polynomial, 
Equation (D-l) below f i t t e d the vapor p r e s s u r e to w i t h i n 0.001 mm Hg. 
Equation (D-l) was used to calculate the vapor pressure of carbon dioxide 
from lU0 to 19l4.69U0K. 
lUO £ T £ 19l+.69U°K 
in P (mm Hg) = - 117-523795 + 2.61225166 x T - 2.655^6830 x 1 0 - 2 x T2 (D-l 
+ 1.62037156 x 10 x T3 - 5 .87W8U6 x 1 0 " 7 x T 
+ l.l3 )4lU387 x 10~9 x T5 - 9.910120^3 x 1 0 " 3 x T 
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Above one atmosphere and up to the triple point (216.55 K5 
58 
5.112 atmospheres) Equation 9 of Myers and Van Dusen was used to cal-
culate the vapor pressure of carbon dioxide. It is written as Equation 
(D-2) below. 
log P (bars) = 6.9280^ - ~ 13;+7.00 - l.l67(T2 - 35^50)3 x 10~12 (D-2) 
where 1 bar = 0.98692327 atmospheres 
T °K = t°C (int. Pract. Temp. Scale) + 273-10 
The present work also uses the International Temperature Scale, 
but uses the ice point of water as 273«15 K. The difference of 0.05 K 
between the temperature scale of Equation (D-2) and the present work was 
corrected for in using Equation (D-2). This was done by subtracting 0.05 K 
from the absolute temperature used in this work when using Equation (D-2). 
The vapor pressure of carbon dioxide from the t r i p l e point to the 
c r i t i c a l point (30^.15 K, 72.80 atmospheres) was calculated with Equation 
(D-3) below. 
log P (bars) = k.67^193 - I [855.352 (D-3) 
- 1.131 x 1 0 - V - 69700)(10^
 x 1 0 ' 1 0 ( T 2 " ^ 0 0 ) 2 _ 1}" 
where bars and T are as defined in Equation (D-2). 
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Equation (D-3) is Equation 6 of Myers and Van Dusen. As in 
using Equation (D-2) the 0.05 K difference between their scale and the 
present temperature scale was corrected. 
Table 17 summarizes the vapor pressure of carbon dioxide used in 
this work. Below 1^0 K the calculated values of Mullins et al. were 
used. 
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The saturated density of solid carbon dioxide has been measured 
by Keesom and Kohler between 20 and llU K. Maas and Barnes have 
measured it between 90 and 193-55 K. In the overlap region the density 
data of Keesom and Kohler are about one per cent higher. This is probably 
due to the different experimental techniques used. Keesom and Kohler 
used x-ray diffraction to determine the lattice constants of solid carbon 
dioxide as a function of temperature. From the lattice constants the 
density was calculated. Maas and Barnes measured the volumes of mixtures 
of liquid propane and solid carbon dioxide as a function of temperature. 
The density of liquid propane as a function of temperature was previously 
determined. The density of solid carbon dioxide as a function of 
temperature was obtained by difference. A smooth curve was drawn through 
the data of these two groups. The density of solid carbon dioxide at 
various temperatures was read from this smooth curve. The molal volumes 
of solid carbon dioxide used in this work are presented in Table 17. 
The specific volume of liquid carbon dioxide has been summarized 
19 
by Din. In addition to the saturation envelope, data are presented 
up to 200 atmospheres from 0 to -30 G. From -10 to -30 C the data are 
up to only 60 atmospheres. These data were plotted graphically and 
reasonable extrapolations drawn into regions of no data. The lowest 
temperature used was -55 0 and the highest pressure was 200 atmospheres. 
Values of the specific volume of liquid carbon dioxide were read from 
this graph at regular temperature and pressure intervals. After con-
version to the molal volume they were least-squares fitted to orthogonal 
polynomials in temperature and pressure. The third degree polynomial 
in temperature and second degree polynomial in pressure fitted the data 
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Table l6. Least Squares Fit of the Molal Volume 
of Liquid Carbon Dioxide 
































1.10521591(-1) -2. l80l3715(- l) 
6.9681033 3(-1) 6.9797181a(-1) 
•6.84795055(-1) " - V ' ^ . ^ T ^ i - i ) 
l.4453**203((-3) ; 1.69268116 -7.8yu';^i96(-2) 
2.428965C5(;-,0 -2.3l22ll48(-4) 8.10850993 (-1) 
-3.59308633(-l) -7.6424994o(-l) 
-1.24545446 
Weighting F a c t o r s , C 
J 0 1 2 3 
0.59007638 O.89052752 -0.05430610 3.5592l6l6 
j 4 5 6 7 




T = 303.15 max (P-pm ) - 194.522067 x -r 01'max (V) 
v 1 max 
7.42048694(-2) 
Table 17. Vapor Pressure, Molal Volume of Solid 
and Liquid Carbon Dioxide 
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S o l i d 
T,°K P 0 1 
a** b c 
1 
60 U ^ S t - l ^ W m H$, 0.02438))-
s 
0 . 0 0 . 0 
65 3 . 3 l 8 ( - 1 2 ) 0 .02588 0 . 0 0 . 0 
70 1 . 2 l l ( - 1 0 ) 0 .02593 0 . 0 0 . 0 
75 2 . 7 2 9 ( - 9 ) 0 . 0 2 5 9 8 0 . 0 0 . 0 
80 1 K 1 5 5 ( - 8 ) 0 .02603 0 . 0 0 . 0 
85 ^ . 5 7 8 ( - 7 ) 0 . 0 2 6 0 8 0 . 0 0 . 0 
90 3 . 8 5 2 ( - 6 ) 0 .026 lU 0 . 0 0 . 0 
95 2 . 5 8 2 ( - 5 ) 0 . 0 2 6 2 1 0 . 0 0 . 0 
100 \.hzG{-h) 0 .02627 0 . 0 0 . 0 
105 6 .675( - 1 +) 0 . 0 2 6 3 ^ 0 . 0 0 . 0 
110 2 . 7 0 7 ( - 3 ) 0 . 0 2 6 k l 0 . 0 0 . 0 
115 9 - 6 9 2 ( - 3 ) 0.026U9 0 . 0 0 . 0 
120 3 - l l l ( - 2 ) 0 . 0 2 6 5 8 0 . 0 0 . 0 
125 9 . 0 7 4 ( - 2 . ) 0 .02666 0 . 0 0 . 0 
130 2 . U 3 l ( - l ) 0 . 0 2 6 7 ^ 0 . 0 0 . 0 
135 6 . 0 3 7 ( - l ) 0.0268U 0 . 0 0 . 0 
1U0 1.^02 0 .02693 0 . 0 0 . 0 
1U5 3.06U 0 . 0 2 7 0 3 0 . 0 0 . 0 
150 6 . 3 ^ 2 0 . 0 2 7 1 3 0 . 0 0 . 0 
155 1 2 . 5 0 0 0 .0272 if 0 . 0 0 . 0 
160 2 3 . 5 6 8 0.0273U 0 . 0 0 . 0 
165 U2.686 0.027U5 0 . 0 0 . 0 
170 7^ .5^2 0 .02757 0 . 0 0 . 0 
175 125.92U 0 . 0 2 7 6 8 0 . 0 0 . 0 
180 2 0 6 . IkLO 0 . 0 2 7 7 8 0 . 0 0 . 0 
185 3 2 9 . 2 0 7 0 . 0 2 7 9 1 0 . 0 0 . 0 
190 512 .203 0 .02802 0 . 0 0 . 0 
195 7 8 3 . 0 2 0 0.0281U 0 . 0 0 . 0 
200 1 1 6 6 . 7 9 7 0 . 0 2 8 2 5 0 . 0 0 . 0 
205 1 7 0 7 . 6 7 7 0 .02837 0 . 0 0 . 0 
210 2^59-773 0.028U9 0 . 0 0 . 0 
215 3 2 9 3 . 9 3 3 0 . 0 2 8 6 0 0 . 0 0 . 0 
1 8 1 . 0 5 0 . 3 0 0 atm 0 . 0 2 7 8 0 0 . 0 0 . 0 
1 9 0 . 0 3 O.676 0 .02802 0 . 0 0 . 0 
1 9 9 . 9 5 1 .529 0 .02825 0 . 0 0 . 0 

















UJ+062887l(-2) -U.6U80U839(-5) 1.9289183M-7) 
U.86U7i399(-2) -8.58710123(-5) 3.oU6756oU(-7) 
* Number in parentheses indicates powers of 10. 
•** Molal Volume, v = a + b(P - p n ) + c(P - p ) , liters/gm mole where 
P is in atm. 
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with an average deviation of 1.28 per cent in the molal volume. The 
pressure parameter used is (P -- p ), i.e., the total pressure less the 
' ' 01 
vapor pressure of carbon dioxide. This fonn makes it more convenient 
for subsequent use in Enhancement Factor calculations. The coefficients, 
weighting factors, and normalizing constants for the polynomial are 
presented in Table l6. Insertion of a particular temperature into the 
polynomial results in the molal volume of liquid carbon dioxide expressed 
explicitly as a quadratic in (P - p m )• Table 17 summarizes the coeffi-
cients of this quadratic at the various temperatures. 
Argon 
The potential function parameters for argon have been presented 
in Table 15- The Lennard-Jones (6-12) parameters were determined by 
52 109 
Levelt. Ziegler et al. y have made a critical review of the argon 
second virial coefficient for the purpose of calculating the vapor 
pressure of argon below one atmosphere. They selected the Levelt 
parameters as best representing; the second virial coefficient of argon. 
77 The Kihara core parameters are those of Prausnitz and Myers. The 
calculated and experimental second virial coefficient of argon are shown 
in Figure 22. Figure 22 with just the Lennard-Jones (6-12) second 
virial coefficient curve is Figure 6 of Ziegler et al 109 
105 
The Kihara 
second virial coefficient and the data of Weir et al. have been added 
to it for presentation in Figure 22. It can be seen that both the 
Lennard-Jones (6-12) and Kihara core models represent the second virial 
coefficient of argon very well. The latter model is lower in the region 








FIGURE 6 OF ZIEGLER et al 
O WEIR et al1 0 5 
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T. °K 
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Figure 22. Second V i r i a l Coef f i c ien t of Argon. 
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The equations used to calculate the vapor pressure of argon are 
the same as were selected by Mullins. Equations (D-h) and (D-5) 
Gh 
were obtained by Mullins "by a least-squares fit of the calculated 
vapor pressure of Ziegler et al. Equation (D-6) is that of Michels 
, n 61 et al. 
T < 83.8l°K 
log p01(atm) 5.90578i3 - ZJj£^22 + 35110.773 
T 
•<D-U) 
I661065.3 ^ 28979U91.O 
83.81 < T £ 88.0°K 
log P01(atm) 3.7109859 -
 298.1232i| _ 2257.261+9 (D-5) 
T > 88.0°K 
log p01(atm) = 
-550.8211 
- 8.78^9395 log(T) (D-6) 
+ 0.017^713 x T + 21.83790 
109 
Values of the vapor pressure of argon used in this work are 
presented in Table 18. The values between 20 and 80 K were taken 
directly from Ziegler et al.' 
The molal volume data of solid argon are from Ziegler et al.' 
A smooth curve was drawn through the values recommended by them. The 
molal volumes of solid argon used in this work are presented in Table l8 
109 
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Table 18. Vapor Pressure, Molal Volume of 
Solid and Liquid Argon 
Sol id 
T,°K p 0 1 a** b c 
20 k.5k(-lh)*mra. Hg 0.02235 0.0 0.0 
2k l . l+8(-10) 0.0221+8 0 .0 0.0 
30 ^ •95( -7 ) 0.02265 0.0 0.0 
3^ 2 . 2 7 ( - 5 ) 0.02279 0.0 0 .0 
1+0 1 .68(-3) 0.02299 0 .0 0.0 
kh 1.5^(-2) 0.02312 0.0 0.0 
50 2 . i 8 ( - l ) 0.02331 0.0 0.0 
55 1.273 0.023^8 0.0 0 .0 
60 5.508 0.02365 0.0 0 .0 • 
65 18.9^6 0.02382 0.0 0.0 
70 5 ^ 3 7 0.021+01 0.0 0.0 
75 135.53 0.021+21 0 .0 0.0 
80 300.61+ 0.021+1+3 0 .0 0.0 
68.07 0.01+8 at.m 0.02393 0.0 0.0 
7^.05 0.151 0.021+17 0.0 0 .0 
77-90 0.286 0.021+33 0.0 0.0 
80.06 0.398 0.021+1+3 
Liquid 
0.0 0.0 
86.02 O.871 atm 0.028511832 -0.79350390(-5) 0.27^301+68 (-7) 
91.98 1.605 0.029357910 -0.106l+l+109(-
-0.13157875c-
-k) 0.27)+30i+68(-7) 
0.27l+3i250(-7) 97.51 2.62^ 0.030227803 -h) 
108.02 5.777 0.032106262 -0.17935171(-1+) 0.271+31250C-7) 
•* Number in parentheses indicates powers of 10. 
Molal Volume, v = 
where P is in atm. 
** a + b(P - p ) + c(P - p ) , liter/gm mole 
iU.' 
12 k 
The molal volume data for liquid argon over the region of interest 
here have "been least-squares fitted with orthogonal polynomials in 
Gh 
temperature and pressure by Mullins. The data were from van Itterbeek 
and Verbeke, and van Itterbeek et al. The data covered 86.6 to lU8 K 
6U o 
and up to 290 atmospheres. Mullins fitted the data up to 130 K and 150 
atmospheres. The average deviation of his fit (a quadratic "both in 
temperature and pressure) was O.I926 per cent in the molal volume. Bis 
values of the orthogonal coefficients, weighting factors, and normalizing 
constants were used in this work. However, they are not reproduced here. 
The coefficients of the quadratic in pressure of the molal volumes at 
various temperatures are presented in Table 18. 
Methane 
The Lennard-Jones (6-12) and Kihara core parameters for methane 
are presented in Table 15. The Lennard-Jones (6-12) parameters are those 
110 
of Ziegler et al. They plotted the available second virial coeffi-
cient of methane and drew a smooth curve through the data. They selected 
eight points between 108.^5 and 280 K and least-squares fitted them to 
obtain the Lennard-Jones parameters. The Kihara core parameters are 
77 from Prausnitz and Myers. The calculated and experimental second 
virial coefficient for methane are shown in Figure 23. Below 95 K the 
Lennard-Jones model predicts a second virial coefficient that is 
higher than that of the Kihara core model. Above 95 K the Kihara core 
model second virial coefficient is slightly higher than that of the 
Lennard-Jones model. But both models represent the second virial 
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Figure 23- Second Virial Coefficient of Methane 
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110 The calculated vapor pressure of methane by Ziegler et al 
has been least-squares fitted by Kirk to give Equations (D-7) and 
(D-8) 
35-0°K < T ̂  90.652°K (triple point) 





90.652°K < T < 111.6^8°K (normal boiling point) 
log P(„a Hg) = 6.7822220 - ̂ 37.5^809 + I^^SSIS . 1^67.02 (D-8) 
Equations (D-7) and (l)-8) were used in this work to calculate 
the vapor pressure of methane below 111.6^8 K. Above 111.6^8 K the 
vapor pressure of methane was calculated with Equation (D-9)• 
log P(mm Hg) = 10.685962 - (T^'O^OI) "" °"°31+8o39 x T (D-9) 
+ 1.33375 x 10" x T2 - I.7869 x 10~7 x T3 
Equation (D-9) is from Armstrong et al., and has been modified 
^5 by Kirk to correct for the fact that Armstrong et al. used a temperature 
scale 0.01 K higher than that used by Kirk., and also used in this work. 
The temperature scale of Ziegler et al. was also corrected before 
being used to obtain Equations (D-7) and (l)-8) . Ziegler et al. used 
a temperature scale based on the defined oxygen point of 90-1&8 K and 
127 
o ^5 
assigned an ice point of 273-15 K. The temperature scale is used by Kirk 
and here is based on an oxygen and ice point of 90-l8 K and 273.15 K, 
respectively. The method of the temperature scale correction is dis-
cussed by Ziegler et al. The choice of Equation (D-9) "was based on 
its agreement with the normal boiling point at 111.6U8 K. 
The vapor pressures of methane used in this work are presented in 
Table 20. The values between 20 and 9° K at five-degree intervals were 
taken directly from Ziegler et al. 
The data for the molal volume of solid methane have been 
^7 reviewed and presented by Kirk et al. Their values were selected for 
use in this work. The molal volumes of solid methane used are presented 
in Table 20. 
Uo 
Keyes et al. have measured the saturated liquid density of 
methane between 100.9 and 190.38 K. Van Itterbeek et al. have 
measured the density of liquid methane between 11^.53 and 188.19 K and 
ko 
up to 290 atmospheres. The smoothed data of Keyes et al. and those of 
lÔ f van Itterbeek et al. up to 210 atmospheres were least-squares fitted 
to orthogonal polynomials in temperature and pressure. For a third 
degree in temperature and second degree in pressure, the polynomial 
fitted the data with an average deviation of 1.0U per cent in the molal 
volume. Table 19 presents the orthogonal coefficients, weighting factors, 
and normalizing constants for the least-squares fit. The coefficients 
for the quadratic in pressure for the molal volume of liquid methane at 
various temperatures are presented in Table 20. 
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Tat)le 19. Leas t -Squares F i t of the Molal 
Volume of Liquid Methane 



























•0 . i77i 1 +68l( - i ) 
0.23838295(1) 










Weighting F a c t o r s , C 
0.172^922^ 






•0.98260^7(- l ) 
j 0 1 2 3 









0.1066^77^ 0.21131322(1) -0.255^2888(1) 
3 
Normalizing Constants 
T = 188.19 (P 
max 
P ^ ) = 212.5M+27 (v L ) 
•^01'max J ' v 1 'max 
= 0.6751+7708(-l) 
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T a b l e 20 Vapor P r e s s u r e , 
S o l i d and L i q u i 
Mola l Volume 
d Methane 
o f 
S o l i d 
T,°K P 0 1 
a** b c 
20 3 . 8 l O ( - l 8 ) * m m Hg 0.0300U 0 . 0 0 . 0 
25 1 . 3 ^ 5 ( - 1 3 ) 0.0302U 0 . 0 0 . 0 
30 3 . 2 U 8 ( - 1 0 ) 0 .030^3 0 . 0 0 . 0 
35 8 . 7 ^ 2 ( - 8 ) 0 . 0 3 0 6 3 0 . 0 0 . 0 
ko 5 - 9 l 2 ( - 6 ) 0 .03083 0 . 0 0 . 0 
^5 l . 5 8 2 ( - U ) 0 .03102 0 . 0 0 . 0 
50 2 . 2 0 2 ( - 3 ) 0 .03122 0 . 0 0 . 0 
55 1 . 9 0 2 ( - 2 ) 0 .031^2 0 . 0 0 . 0 
60 l . l U 6 ( - i ) 0 .03162 0 . 0 0 . 0 
65 5 . 2 2 8 ( - l ) 0 .03182 0 . 0 0 . 0 
70 1 .916 0 .03202 0 . 0 0 . 0 
75 5 .890 0 . 0 3 2 2 1 0 . 0 0 . 0 
80 1 5 . 6 9 8 0 . 0 3 2 ^ 1 0 . 0 0 . 0 
85 3 7 . 2 0 0 0 .03261 0 . 0 0 . 0 
90 7 9 . 9 ^ 6 0 . 0 3 2 8 0 0 . 0 0 . 0 
55 0 .2 l+95(_U) a t m 
0 .1503C-3) 
0 .031^2 0 . 0 0 . 0 
60 0 .03162 0 . 0 0 . 0 
65 0 . 6 8 6 2 ( - 3 ) 0 .03182 0 . 0 0 . 0 
70 0 . 2 5 1 ^ ( - 2 ) 0 .03202 0 . 0 0 . 0 
76 0 . 9 5 0 7 ( - 2 ) 0 .03225 0 . 0 0 . 0 
80 0 . 2 0 6 l ( - i ) 0 . 0 3 2 ^ 1 0 . 0 0 . 0 
87 0 . 6 7 0 7 ( - l ) 0 . 0 3 2 6 8 
L i q u i d 
0 . 0 0 . 0 
9 1 . 0 0 . 1 2 1 atm 0 .03560 - 0 . 7 6 9 2 3 ( - 5 ) 0 . 0 
9^-97 0 . 1 9 5 0 .03597 - 0 • 7 6 9 2 3 ( - 5 ) 0 . 0 
1 0 9 . 9 0 O.863 0 .03760 - 0 • 7 6 9 2 3 ( - 5 ) 0 . 0 
1 1 3 . 1 5 1 .130 0 .03805 - 0 . 7 6 9 2 3 ( - 5 ) 0 . 0 
12I+.85 2 . 6 3 9 0 .039506863 0 .56022187( - 5 ) - 0 . 7 7 2 1 9 5 3 1 ( - 7 ) 
1 3 3 . 1 5 ^ . 3 7 9 O.OU0858625 - 0 .602^2578( - 5 ) - 0 . 1 1 6 8 2 0 3 1 ( - 7 ) 
1 3 9 - 8 3 6 . 2 9 5 0 .0^2152876 - 0 .17586960( -*0 0 A l 0 6 0 i 5 6 ( - 7 ) 
1 5 3 . 1 5 1 1 . 8 2 9 0 .0^552 5928 - 0 .U65l623^( -V 0 . l U 6 2 3 2 0 3 ( - 6 ) 
1 5 ^ . 8 0 1 2 . 6 9 9 0 . OU603M+60 - 0 . 506W+92 ( -V 0 . 1 5 9 2 6 1 7 1 ( - 6 ) 
1 6 9 . 8 1 2 2 . 8 6 3 0 .051820267 - 0 • 9 3 7 l 0 3 5 l ( -V 0 . 2 7 7 7 7 5 0 0 ( - 6 ) 
1 7 3 . 1 5 2 5 . 7 ^ 3 0 . 0 5 3 ^ 3 1 ^ 0 - 0 .10U6UU35( - 3 ) 0 .30UlU687( -6 ) 
18U.83 3 7 . 8 8 6 0 . 0 6 0 l 6 2 2 2 5 - 0 . lU67^8Uo( - 3 ) 0 . 3 9 6 3 6 9 6 3 ( - 6 ) 
1 8 8 . 1 5 kl.980 O.O62U16HO - 0 .15981^3^( - 3 ) 0 A22 5 9 0 6 2 ( - 6 ) 
•* Number i n p a r e n t h e s e s i n d i c a t e s powers < Df 1 0 . 
** Mola l Volume, v± = 
P i s i n a tm. 
a + b ( P - p Q 1 ) + c (P " P o i } ' 
l i t e r / g m mole where 
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Nitrogen 
The nitrogen Lennard-Jones (6-12) and Kihara core model parameters 
are presented in Table 15. The Lennard-Jones parameters are from Ziegler 
~i r*\Q ^7*7 
and Mullins. The Kihara parameters are from Prausnitz and Myers, 
-i r\Q 
and include a quadrupole correct ion. Ziegler and Mullins took the 
second v i r i a l coefficient of nitrogen from 69-57 to 373 K and l e a s t -
squares f i t t ed them to obtain the Lennard-Jones parameters. Figure 2k 
-i r\Q 
(reproduced from Figure 8 of Ziegler and Mu.llins ) shows the calculated 
and experimental second virial coefficients for nitrogen. The data of 
9 33 
Canfield et al. and Hoover et al. which are in excellent agreement 
with each other and also with the other data, have been added to Figure 
2k. Both the Lennard-Jones and Kihara core models represent the data 
equally well. Below 100 K the Kihara core model is lower than the 
Lennard-Jones model, but it is higher above 100 K. 
-i r\0 
Ziegler and Mullins have calculated the vapor pressure of 
nitrogen below one atmosphere. In the liquid range their calculated 
vapor pressure was in excellent agreement with the experimental data. 
Armstrong's equation for the vapor pressure of liquid nitrogen below 
one atmosphere gives a normal boiling point of 77-364 K. This equation 
was modified to calculate a normal boiling point of 77.3̂ -7 K, which was 
-i /S.O 
the value selected by Ziegler and Mullins. The modified equation, 
Equation (D-10), represented the vapor pressure of nitrogen below 
90.90 K well and was selected for use here. 
6U°K £ T £ 90.90°K 





FIGURE 8 OF ZIEGLER & MULLINS108 
O CANFIELD et al9 




Figure 2k. Second Virial Coefficient of Nitrogen. 
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Above 90'90 K the vapor pressure equation of Michels et a l . "was 
selected for use in th is "work. I t i s "written as Equation (D-ll) "below. 
log pQ1(atm) = -
 6 3 ^ 3 3 7 - 15.3361*7 x log T (D-ll) 
+ 0.0332183 x T + 3^.58230 
Michels et al. have compared their data (96.853 to 125.238 K) 
"with other available data. They concluded that their critical point 
data are more consistent "with the vapor pressure measurements than those 
of the other investigators. However, all the vapor pressure data con-
sidered by Michels et al. agreed within 0.10 atmospheres. Michel et al. 
(whose temperature scale is the same as used here) point out that part 
of the differences between the different data could be attributed to the 
different temperature scales. 
The vapor pressure of liquid nitrogen used here are presented in 
Table 22. The vapor pressure of solid nitrogen were from Ziegler and 
TWT -. -1 • 1 0 8 
Mullms. 
1 CIPI 
Ziegler and Mullins have reviewed the density data for solid 
nitrogen. Their data were used in this work to calculate the molal 
volumes of solid nitrogen, which are shown in Table 22. 
102 
Van Itterbeek and Verbeke have measured the density of liquid 
nitrogen from 68.85 to $0.60 K and up to 1̂4 5 atmospheres. Van Itterbeek 
and Verbeke measured the density of liquid nitrogen at 77.31 K and 
90.26 K and up to 815 atmospheres. The density of saturated liquid 
nitrogen has also been measured by Baly and Donnan (68.8 to 83.7 K) 
55 o 
and by Mattias et al. (6k.7 to 125.0 K). More recently, Streett and 
133 
Table 21. Least-Squares Fit of the Molal 
Volume of Liquid. Nitrogen 
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Weighting F a c t o r s , C 
J 0 1 2 3 
0.59155954 0.48344210 -0.93670881(-1) 0.65552763 








125.00 ( p - P m ) =1914.63531 ( v ,
L ) 
01 max v 1 max 
= o .64 i2094o( - i ) 
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Table 22. Vapor P r e s s u r e , Molal Volume of 
Sol id and Liquid Nitrogen 
Sol id 
T,°K p 01 
a** b c 
20 1.085 ( -11 ) % n H g 0.02729 0.0 0.0 
25 7-844(-8) 0.02752 0.0 0.0 
30 2 .965( -5 ) 0.02775 0.0 0.0 
35 2 .028( -3 ) 0.02799 0.0 0.0 
4o J4.332(-2) 0.02821 0 .0 0.0 
45 J+.569(-l) 0.02845 0 .0 0.0 
50 2.968 O.02870 0 .0 0.0 
55 13-544 O.02895 0 .0 0.0 
60 47.^86 O.02921 
Liquid 
0.0 0.0 
64.9 O.169 atm 3 .20364l20(-2) 2 .66 i29748(-5) -2 .9l383209(-7) 
69 .3 0.344 3.26834504(-2) 2 .29954i32( -5) -2 •338l4384(-7) 
77.0 O.960 3.40178926(-2) 1 .249039l4(-5) -1 .33068941(-7) 
80.0 1.351 3.46345000(-2) 6 .95935l64(-6) -9 .38174688(-8) 
85.O 2.253 3.58177261(-2) - 4 . 0 5 l l 6 5 0 5 ( - 6 ) -2 .83983497(-8) 
90 .0 3.535 3.72316689(-2) -1.73018282(-5) 3 .70207687(-8) 
95 .0 5.365 3.89181934(-2) -3.27926379(-5) 1 .02439888(-7) 
100.0 7.724 4.09191644(-2) -5 .052359^0(-5) 1 .67859007(-7) 
105.0 10.741 4.32764470(-2) .7 .04946967(-5) 2 .33278i26(-7) 
110.0 14.517 4.60319061(-2) -9.27059^59(-5) 2 .98697245(-7) 
115.0 19.170 4.92274065(-2) - l . l 7 l 5 7 3 4 2 ( - 4 ) 3 .64115365(-7) 
120.0 24.836 5.29048133(-2) - l .43848884(-4) 4.29535483(-7) 
*• Number i n paren the ses i n d i c a t e s powers of 10. 
**• Molal Volume, v = 
P i s i n atm. 
a + b(P - p Q 1 ) + c (P - p 0 1 ) , l i t e r /gm mole where 
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Staveley's data became available after this work was well in progress and 
were therefore not incorporated here. However, the agreement between 
the values of the molal volume of liquid nitrogen used here and those 
of Streett and Staveley is within 1.6 per cent at 80 K and within 2.5 
per cent at 120 K over the pressure range of up to 150 atmospheres. 
The remaining source of data for the molal volume of liquid nitrogen 
92 
was Strobridge, who used a Benedict-Webb-Rubin type of equation of 
state to compute the thermodynamic properties of nitrogen. The data of 
van Itterbeek and Verbeke, van Itterbeek and Verbeke (up to 193 
\ 92 / 
atmospheres;, and the calculated data of Strobridge (saturation data, 
and from 65 to 125 K and up to 200 atmospheres) were least-squares 
fitted. The orthogonal polynomial of third degree in temperature and 
second degree in pressure fitted the data with an average deviation of 
1.18 per cent of the molal volume. The orthogonal coefficients, 
weighting factors, and normalizing constants of the polynomial are 
presented in Table 21. The coefficients of the quadratic in pressure 
for the molal volume of liquid nitrogen at various temperatures are 
presented in Table 22. 
Oxygen 
The Lennard-Jones (6-12) and Kihara core parameters for oxygen 
are shown in Table 15. The Lennard-Jones (6-12) parameters are from 
Mullins et al. The Kihara parameters are from Prausnitz and Myers. 
68 
Mullins et al. adjusted (for the method see the reference) the Lennard-
29 
Jones parameters from Hirschfelder et al. ' to give better agreement with 
69 
the second virial coefficient data of Nijhoff and Keesom and those of 
136 
Cath and Kamerlingh-Onnes. They found the adjusted parameters gave 
better agreement between their calculated and the experimental vapor 
pressure of oxygen. Figure 25 shows the calculated and experimental 
second virial coefficient of oxygen. There is large scatter in the 
experimental data below 100 K. Below 115 K the Lennard-Jones model is 
higher than the Kihara model. Above 115 K the Kihara model is slightly 
higher. However, both models represent the data about equally well. 
90 
Stewart et al. have made a comprehensive review of the vapor 
32 
pressure of oxygen. Hoge's measurements of the vapor pressure of 
oxygen from its triple point (5^.353 K) to the critical point (15^.770 K-) 
90 
were considered the most complete and accurate. Stewart et al. 
corrected Hoge's temperature scale to the 1£BS 1955 scale by subtracting 
0.01 K from Hoge's values. They then least-squares fitted Hoge's data 
to pass through the triple point, the normal boiling point (90.180 K), 
and the critical point. Equation (D-12) used in this work was the 
equation they obtained. 
in p (atm) = - 62.5967185 + 2.^7^50^29 x T - k.68973315 x 10'2 (D-12) 
x T2 + 5.^8202337 x 10 x T3 - h.093^9868 x 10 
x T + 1.91^7191^ x 10"8 x T5 - 5.13113688 x 10"11 
x T + 6.0265693^ x 10 x T7 
Equation (D-12) agrees with Hoge's smoothed data (which differs by less 
than k mm Hg from his observed values) to within 0.02 atmospheres. 
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Figure 25- Second Virial Coefficient of Oxygen. 
1.38 
were used. The vapor pressures of oxygen used are presented in Table 
2k. 
The density of liquid oxygen has been measured by van Itterbeek 
and Verbeke (77-35 and 90*07 K, up to 85 atmospheres), by van Itterbeek 
and Verbeke (6k.66 to 90.29 K, up to 1̂ 5 atmospheres), and by Timrot 
and Borisoglebskii ' (83.15 to 153.15 K and up to 195 atmospheres). 
90 / 
According to Stewart et al., Weber (private communication to Stewart 
et al.) has made extensive measurements of the density of liquid oxygen, 
90 
which are unpublished. Stewart et al. state that the data of Weber 
and van Itterbeek and Verbeke " agree within the precision of the data 
qk QS 
sets, while the data of Timrot and Borisoglebskii"^ >y are consistently 
lower by 0.3 to 0.6 per cent. This last was confirmed by a comparison 
of the isotherms between 83 and 93 K. The saturated density data and 
density data between 93-15 and 153-15 K (and up to 195 atmospheres) of 
qk Qcj 
Timrot and Bor i sog l ebsk i i ' ^ ' t o g e t h e r wi th the da t a of van I t t e r b e e k 
and Verbeke were selected for use here. These data were least-squares 
fitted to an orthogonal polynomial of third degree in temperature and 
second degree in pressure. The average deviation of the fit was 1-51 
per cent of the molal volume. The orthogonal coefficients, weighting 
factors, and normalizing constants are presented in Table 23- The 
coefficients of the quadratic in pressure for the molal volume at 
various temperatures are presented in Table 2k. 
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Table 23. Least-Squares Fit of the Molal 
Volume of Liquid Oxygen 



































































T = 153.15 (P 
max 
P m ) = 190.33288 ( v ^ ) 
• Ol^max y v 1 'max 
= 0 .5^233735(- l ) 
l40 
Table 24. Vapor Pressure, Molal Volume 
of Solid and Liquid Oxygen 
Solid 
T,°K P 0 1 
a** "b c 
20 1.006(-15) .mm Hg 0.0219 0 . 0 0 . 0 
2k i . i o 8 : ( - i i ) 0.0229 0 . 0 0 . 0 
30 i . i 56 ( -7 ) 0.0229 0 . 0 0 . 0 
34 9.046( -6) 0.0229 0 . 0 0 . 0 
ko i . 2 0 4 ( - 3 ) 0.0229 0 . 0 0 . 0 
kk l . 4 5 7 ( - 2 ) 0.02462 0 . 0 0 . 0 
50 2 . 2 ^ 3 ( - l ) 0.02462 
Liquid 
0 . 0 0 . 0 
55 0 .182( -2) atm 0.02431 - l . 5 5 ( - 6 ) 0 . 0 
60 0 .720( -2) 0.02492 - l . 9 5 ( - 6 ) 0 . 0 
65 0 . 2 2 9 ( - l ) 2.51701788(-2) 2 .5 l036307(-5 ) -2.63445994(-7) 
70 o . 6 i 4 ( - i ) 2.56245477(-2) 2 .375l2383(-5 ) -2.22583944(-7) 
75 0.143 2.60771490(-2) 2 . l3793934(-5 ) -1.81721893(-7) 
80 O.297 2.65489293(-2) 1.79880961(-5 ) - l .4o859843(-7) 
85 O.561 2.70608352(-2) l .35773464(-5 , ) -9-99977925(-8) 
90 O.981 2.76338133(-2) 8.14714428(-6, ) -5 -9 l3574 l9 ( -8 ) 
95 1.611 2.82888102(-2) 1.69748975(-6 ) - l . 8 2 7 3 6 9 i 8 ( - 8 ) 
100 2.509 2.90467726(-2) -5.77161720(-6, ) 2.25883583(-8) 
105 3-738 2.99286470(-2) -1.42601766(-5 ) 6.34504o89(-8) 
110 5.363 3.09553801(-2) -2 .37681884(-5, ) l . 043 l2459 ( -7 ) 
115 7-454 3.21479184(-2) -3 .42956527(-5, ) I . 4 5 1 7 4 5 1 0 ( - 7 ) 
120 10.082 3.35272086(-2) ••4.58425693(-5] ) l .86036560(-7) 
125 13.321 3.51141973(-2) -5 .84089384(-5, ) 2 .268986l0( -7) 
130 17.249 3.692983H (-2) -7 .199^7599(-5 , ) 2.67760661(-7) 
135 21.9)47 3.89950567(-2) -8 .66000338(-5, ) 3.08622711(-7) 
l 4 0 27.501 4.13308205(-2) -1.02224760(-4; 3.49484761(-7) 
l45 34.018 4.39580693(-2) - i . i 8 8 6 9 9 3 9 ( - 4 ; ) 3.90346812(-7) 
150 41.638 4.68977497(-2) -1.36532570 l-k) ) 4.31208862(-7) 
69.60 0.060 2.5615541(-2) 2.3788289(-5) -2 .234o i56( -7 ) 
75.90 0.164 2 .6 i6oo46(-2) 2.0844062(-5) - l .7436562( -7 ) 
89.98 0.979 2.7631365(-2) 8.1708671(-6) -5.9300000(-8) 
109.96 5-348 3.0946539(-2) -2 .3688 l95( -5 ) 1.0398593(-7) 
129.95 17.209 3.6910471(-2) -7 . l854o85( -5 ) 2.6735390(-7) 
1V3.93 32.534 4.3370267(-2) -1 .1522142(-4) 3.8160312(-7) 
149.91 ki.497 4.6841938(-2) - i .3620567( -4 ) 4 .304742i ( -7) 
•* Number in pa ren these s i n d i c a t e s powers 3 of 10. 
*"* Molal Volume, v = a 
P i s i n atm. 
+ b(P - p Q 1 ) + c( [P - P 0 1 ) , l i t e >r/gm mole where 
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APPENDIX F 
SUMMARY OF SMOOTHED EXPERIMENTAL AND THEORETICAL ENHANCEMENT 
FACTORS, AM) SMOOTHED EXPERIMENTAL SOLUBILITY OF HELIUM 
This appendix summarizes the smoothed experimental Enhancement 
Factor and the solubility of helium in the liquid phase for the different 
systems. Also presented are the theoretical Enhancement Factors for the 
four models used here to represent the vapor phase. Tables 25 through 
29 present these data for the helium-carbon dioxide, -argon, -methane, 
-nitrogen, and -oxygen systems, respectively. The experimental data 
"were smoothed graphically. 
lU2 
Table 25. Smoothed Experimental, Theoretical Enhancement Factor 
of Carbon Dioxide in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Carbon Dioxide 
P, atm 0 (exp) 0 (LJCL) 0 (UCLA) 0 (KIHQ) 100x2 
l8l.05°K (This Work) 
20 1.035 1.015 1.03U 1.0U0 o.o
a 
ko 1.058 1.022 1.059 1.071 0.0 
60 1.076 1.027 1.083 1.099 0.0 
80 1.093 1 • 030 1.105 1.126 0.0 
100 1.109 1 • 032 1.125 1.151 0.0 





20 1.0U1 1.018 1.03U 1.0U2 0.0 
ko 1.069 1.022 1.055 I.O69 0.0 
60 1.090 1.023 1.073 I.09U 0.0 
80 1.107 1.023 1,089 1.117 0.0 
100 1.12U 1.022 1.10U 1.138 0.0 





20 1.038 1.027 1 „ 0U1 1.051 0.0 
ko 1.067 1.028 1.057 1.07^ 0.0 
60 1.090 1.026 1.071 I.O96 0.0 
80 1.112 1.023 1., 082 1.115 0.0 
100 1.13^ 1. OI.9 1.093 1.133 0.0 
120 1-155 1.01U 
219.9°K (E 
1.101 
iarrick et al. ) 
I.1U9 0.0 
20 1.072 1.070 1.077 1.088 0.0U2 
ko 1.121 1.088 1.109 1.132 0.150 
60 1.150 I.09U 1.130 I.165 0.310 
80 1.172 I.O98 I.1U7 1.193 O.U85 
100 1.191 1.097 1.162 I.219 0.660 
120 1.207 1.097 1.175 1.2kk 0.835 
1U0 1.223 I.O95 1.186 1.266 1.005 
160 1.236 I.092 1.196 1.287 1.170 
180 1.251 1.087 1.20U 1.306 1.330 
200 1.265 1.082 1.211 1.32U 1.^75 
Table 25 (continued) 
1^3 
P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KIHQ) 100x2 
229.9°K (Barr i ck e t a l . ) 
20 1.052 1.073 1.077 1.086 0.130 
Uo 1.117 1.103 1.120 1.1^3 0.358 
60 1.165 1.112 1.1^3 1.179 Q.585 
80 1.202 1. l lU 1.159 1.207 0.820 
100 1.230 1 . l lU 1.172 1.233 1.050 
120 1.252 1.112 1.183 1.257 1.270 
1^0 1.268 1.109 1.192 1.279 1.U85 
160 1.282 1.105 1.201 I . 299 1.682 
180 1.295 1.100 1.208 1.319 1.855 
200 1.306 1.096 
2¥+.9°K (Barr i ck 
1.215 
e t a l . ) 
1.338 2.000 
20 1.0U0 1. 0U7 1.0U8 1.052 0.090 
ko 1.127 1.121 1.132 1.150 0.UU0 
60 1.177 l.li+2 1.165 1.199 0.790 
80 1.216 1 . 1^7 1.183 1.232 1.130 
100 1.2^8 l.lk6 1.195 1.259 1.^55 
120 1.275 l . l U l 1.203 1.281 1.765 
1^0 1.300 1.135 1.209 1.302 2.065 
160 1.322 1.128 1.213 1.320 2.3U5 
180 1.3^3 1.120 1.217 1.338 2.610 
200 1.363 1.113 
259.9°K (Barr i ck 
1.220 
e t a l . ^ ) 
1.355 2.850 
ko 1.105 1.110 1 .11^ 1.12^ 0.^20 
6o I .189 1 . l 6 l 1.176 1.203 O.925 
80 1.2kQ 1.179 1.206 1.250 1.^05 
100 1.297 1.183 1.222 1.28U 1.830 
120 1.33^ 1.179 1.230 1.309 2.220 
1^0 1.366 1.171 1.23^ 1.329 2.600 
160 1.392 1.160 1.235 1.3^6 2.970 
180 l.ki6 1.1U8 1.23^ 1.360 3.330 
200 1.U38 1.136 1..232 1.373 3.695 
Ikk 
Table 25 (continued) 
P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KIHQ) 100x2 
27^.9°K (Barr i ck e t a l . ) 
ko 1.0^2 1.035 1.035 1.036 0.160 
60 1.182 l.lkh 1.150 I . I 6 5 0.9U5 
80 1.265 1.192 1.208 i . 2 * a 1.665 
100 1.325 1.210 1.238 1.289 2.370 
120 1.371 1.210 1.250 1.320 3.060 
1^0 1 A 0 7 1.201 1.252 1.3^1 3.735 
160 1.^35 1.185 1.21+8 1.353 k.k25 
180 1.1*58 l.l6k 1.236 1.358 5.215 
200 1.^79 l . i i+o 1.221 1.357 6.O9O 
Q 
Solid phase assumed to be pure carbon dioxide 
ll*5 
Table 26. Smoothed Experimental, Theoretical Enhancement Factor 
of Argon in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Argon 
P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (Km) 100X 2 
68.07°K ( M u l l i n s 6 i + ) 
20 1 .178 1 .238 1.192 1 .283 0 . 0 a 
1*0 1 .378 1 . 501* 1 .397 1 . 6 1 1 0 . 0 
60 1 .585 1 .800 I . 6 1 7 1 .990 0 . 0 
80 1 .795 2 . 1 2 8 1 .853 2.1*23 0 . 0 
100 2 . 0 0 5 2.1*88 2,,105 2 . 9 1 3 0 . 0 
120 2.211* 2 . 8 8 3 
7^ .05°K ( M u l l i 
2,.373 
n s 6 ^ ) 
3.1*61* 0 . 0 
20 1 .158 1 .197 1 .160 1.23I* 0 . 0 
1*0 1 .322 1.1*07 1 .323 1.1*93 0 . 0 
6o 1.1*87 1 .635 1 .^95 1 .783 0 . 0 
80 1 .652 1 .881 1 .676 2 . 1 0 5 0 . 0 
100 1 .817 2 . l l*7 1 .865 2.1*62 0 . 0 
120 1 .982 2.1*32 
8o.o6°K ( M u l l i 
2.061* 
n s 6 ^ ) 
2.85I* 0 . 0 
20 1 .137 1 .171 l . l l * l 1.201* 0 . 0 
ko 1 .271 1.31*3 1 .276 1.1*16 0 . 0 
6o 1.1*02 1 .527 1.1*15 1.61*9 0 . 0 
8o 1 .531 1.722 I . 5 6 0 1 .903 0 . 0 
100 1 .658 1 .929 1 .710 2 . 1 7 9 0 . 0 
120 1 .787 2.11*8 1 .865 2.1*79 0 . 0 
77 .90°K ( M u l l i n s 6 ^ ) 
80.0 1 .570 1 .771 1 .596 1 .965 0 . 0 
6o.il* 1.1*30 1 .561 
86 .02°K (Mul l i : 
1.1*1*1 
6k s ns ) 
1.692 0 . 0 
20 l . l l * l 1 .168 l . l l * 3 1 .197 0.11*6 
ko 1 .270 1 .328 1 .271 1 .393 0 . 2 8 9 
6o 1 .395 1.1*99 1.1*03 1 .607 0.1*25 
80 1 .517 1 .680 1.51*1 1.81*0 0 .552 
100 1 .637 1 .873 1 .685 2.09I* 0 . 6 7 0 
120 1 .760 2 . 0 7 8 1 .835 2 . 3 7 2 0 .772 
ll+6 
Table 26 (cont inued) 
P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KCH) lOOx 
9 l . 9 8 ° K ( M u l l i n s 1 ^ ) 
20 1 .136 l . 161 l . l l + l 1 .186 0 . 2 0 1 
ko 1.257 1 .303 1 .255 1 .360 0 . 3 9 3 
60 1 .368 l . U52 1 .372 1.51+8 0 .572 
80 l.k^h 1 .610 1.1+92 1 .750 0.7^+5 
100 1 .577 1 .775 1 .617 1 .968 O.91O 
120 1 .677 1 .950 1 .7^6 2.201+ 1.072 
9 7 • 5 l ° K ( M u l l i n s ' ^ ) 
20 1.121+ 1 .159 l . l l + 3 1 . 1 8 1 0.21+0 
ko 1.21+0 1 .291 1 .250 1.3^2 O.U98 
60 1.31+6 l . 1+29 1 .357 1 .513 0 . 7 ^ 8 
80 1.1+1+6 1 .569 1.1+66 1 .696 O.982 
100 1.5I+2 1 .717 1 .578 1 .892 1 .208 
120 1 .636 1 .873 1.69I+ 2 . 1 0 3 1.1+05 
108 .02°K ( M i l l i n s ' ^ ) 
60 1 .336 1.1+11 1 .356 1.1+81+ l . l l + l 
80 1.1+29 1 .538 1 .^55 1.61+8 1 .515 
100 1 .517 1 .669 1 .555 1.821+ 1 .880 
120 1 .602 1 .806 1 .657 2 . 0 1 3 2 . 2 1 5 
Q 
Solid phase assumed to be pure argon 
1̂ 7 
Table 27- Smoothed Experimental, Theoretical Enhancement Factor 
of Methane in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Methane 
P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KIH) 100x2 
55 .0°K (Hiza and Kidnay^ ) 
10 l.lUU 1.299 1.181 1.335 o.oa 
20 1.325 1.66l 1.377 1.751 0.0 
30 1.52^ 2.091 I . 5 8 8 2.260 0.0 






and Kidnay-^ ) 
3.605 0.0 
20 1.258 I.U98 1.285 1.581 0.0 
ko 1.559 2.1^-2 1.595 2 .37^ 0.0 
60 1.8814 2. 9kk 1.922 3.^17 0.0 
80 2 . 2 3 ^ 3 .91^ 2.263 1+.71+1 0.0 
100 2.607 5.062 2.6lU 6.382 0.0 






and Kidnay^ ) 
9.505 0 .0 
20 1.191 1.387 1.221 1.1+63 0.0 
ko 1.1420 I.85U l.kk9 2.055 0.0 
60 1.662 2.^02 1.682 2.788 0.0 
80 1.930 3.032 I .916 3.67^ 0.0 
100 2.207 3 . 7^3 2.1^9 ^.723 0.0 








20 1.137 1.308 1.17^ 1.379 0.0 
kO 1.306 1.660 1.3^7 1.838 0.0 
60 1.U88 2.05k 1.518 2.382 0.0 
80 1.675 2.^90 1.685 3.01U 0.0 
100 1.863 2.96k I.8I48 3.736 0.0 
120 2.051 3M6 2.005 ^ .551 0.0 
1U0 2.233 k.02.k 2.157 5.^62 0.0 
Table 27 (continued) 
1*̂ 8 
P , a tm 0 ( e x p ) 0 (LJCL) 0 (LJCLA) 0 (KIH) 100x 2 
76 .0°K (Hiza and Kidnay^ ) 
20 1 .101 1 .239 1 .133 1 .305 0 . 0 
ko 1 .220 1 . 500 1 .261 1 .658 0 . 0 
60 1 .352 1 .780 1 .383 2 . 0 5 9 0 . 0 
80 1.U95 2 . 0 7 7 1 A 9 9 2 . 5 0 8 0 . 0 
100 1.6*4-0 2 . 3 9 0 1 .609 3 . 0 0 5 0 . 0 
120 1 .787 2.71.8 1 .713 3.5*^9 0 . 0 
1^0 1 .936 
80 




and Kidnay ) 
*+.l*fl 0 . 0 
20 1.09*4- 1 .205 1 .113 1 .269 0 . 0 
ko 1 .198 1 . *4-22 1 .218 1 .570 0 . 0 
6o 1 .308 1 .651 1 .317 1 .906 0 . 0 
8o 1.U18 1 .888 1.U10 2 . 2 7 5 0 . 0 
100 1 .530 2.13*+- 1 A 9 6 2 . 6 7 6 0 . 0 







3 .572 0 . 0 
20 1 . 0 7 1 1 .162 1 .088 1 .221 0 . 0 
ko 1 .155 1.32*4- 1.16*4- 1.U58 0 . 0 
6o 1.2*47 1 . ij-90 1.23U 1.71*^ 0 . 0 
80 1 . 3 * ^ 1 .657 1 .298 1 .988 0 . 0 
100 l . M a 1 .825 1 .356 2 . 2 7 8 0 . 0 
120 1 .539 1.99*4- 1,. h 09 2 . 2 8 5 0 . 0 
1^0 1 .638 
9 1 . 
2 . 1 6 3 
0°K (H iza 
1 .^57 
O l 
and Kidnay ) 
2 . 9 0 7 0 . 0 
20 1 .076 1 .153 1,. 086 1 .210 , 
ko 1 .161 1 .302 1 .159 1 .^31 - -
6o 1 .251 l.*f5*4- 1 .225 I . 6 6 9 - -
80 1.3^2 1 .606 1 .286 1 .922 - -
100 l . * ^ 1 .758 i . 3 * a 2 . 1 9 0 - -
9^. 97°K ( Heck and H i z a 2 0 ) 
10 1 .062 1.07*4- 1.0*4-5 1 .099 0.03U 
20 1 .120 1 .139 I . O 7 8 1 .193 0 .069 
ko 1.22 5 1 .268 1.1*4-0 1 .392 0 . 1 3 5 
6o 1.32*4- 1 .398 1 .196 1 .602 0 . 2 0 0 
80 l.*t-15 1 .527 l„2*f7 1 .823 0 . 2 6 0 
100 1 .506 I . 6 5 6 1 .292 2 . 0 5 6 0 .312 
120 1 .597 1 .782 1 .333 2 . 2 9 8 0 .362 
1*4-0 1 .686 1 .907 1 .369 2.5*^8 0.*4-10 
160 1 .776 2 . 0 2 9 1.. *4-01 2 . 8 0 8 0.*4-59 
180 1 .865 2 . 1 5 0 l,.*4-30 3 . 0 7 5 0 . 5 0 3 
Table 27 (cont inued) 
ll+9 
P , a tm 0 ( e x p ) 0 (LJCL) 0 (LJCLA) 0 (KIH) 1 0 0 x 2 
109 .90°K (Heck and H i z a " ) 
20 1 .080 1.11.6 1 .075 1 .162 O.1I+5 
1+0 1.151+ 1 .201 1 .111 1 .306 O.295 
60 1 .222 1 .282 1.11+3 1.1+55 0.1+28 
80 1 .286 1 .360 1 .170 1 .608 O.550 
100 1 .350 1.1+36 1 .193 I.76I+ 0 . 6 6 6 
120 l.l+ll+ 1 .508 1.212 1 .923 0 . 7 7 3 
ll+0 1 . I+76 1 .578 1 .229 2 . 0 8 6 0 . 8 7 8 
160 1 .538 1.61+1+ 1.21+3 2 . 2 5 1 O.970 
180 1 .600 1.7C9 I.25I+ 2.I+19 1.01+8 
200 1.661+ 1 .770 
12l+.85°K (Heck 
1.261+ 
and H i z a 2 8 ) 
2 . 5 8 9 1 .110 
20 1 .107 1 .126 I . O 9 8 1 .160 0 . 2 2 5 
1+0 1 .183 1.19.1 1 .125 1 .281 0.1+90 
6o 1 .235 1 .250 1.11+1+ 1.1+01 0 . 7 5 0 
80 1 .277 1.301+ 1 .159 1 .523 0 . 9 8 0 
100 1 .319 1 .355 1 .171 1.61+7 1 .19 
120 1 .360 1.1+01+ 1 .180 1 .772 1 .39 
ll+0 1.1+00 1.1+1+9 1 .187 1 .898 1 .58 
160 1.^1+0 1.1+91 1 .191 2.021+ 1.75 
180 1.1+78 1 .529 1 .193 2 . 1 5 0 1.92 
200 1 .518 1.56I+ 
15^ .80°K (Heck 
1 .193 
pO 
and Hiza ) 
2 . 2 7 5 2 . 0 8 
6o 1 .288 I . 2 9 6 1 .233 1 .390 1 .80 
80 1 .335 1 .332 1 .237 1.1+9I+ 2.1+1 
100 1 .376 1 .357 1 .232 1.592 2 . 9 6 
120 1.1+16 1 . 3 7 ^ 1 .220 1 .683 3 .52 
ll+O I.I+56 1 .385 1 .206 1 .771 1+.05 
160 I.I+96 1 .395 1 .190 1 .857 ^.55 
180 1 .535 1.1+03 1 .175 1 .9^3 1+.98 
200 1 .573 1.1+12 
l 6 9 . 8 l ° K (Heck 
l . l 6 l 
and H i z a ) 
2 . 0 3 1 5 . 3 ^ 
6o ' l . 3 l 6 1 . 311 1 .272 1 .356 2 . 2 8 
80 1.1+16 1 .363 1 .292 1 .^73 3 . ^ 0 
100 1.^-97 1 .388 1 .288 1 .572 1+.36 
120 1.562 1 .399 1 .272 1 .659 5 .22 
ll+O 1.622 1.1+00 1.21+8, 1 .737 6.01+ 
160 1 .677 1 .395 1 .221 ' 1 .807 6 . 8 2 
Table 27 (continued) 
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P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KIH) IOOX 
2 
Q Q 



































1.316 1 .206 1 .195 
1.U91 1 .300 1 .267 
1 .637 1.3U1 1.282 
1 .760 1.3U6 1 .263 
1 .868 1 .333 1 .229 
1 . 9 7 1 1 .315 1 .192 
2 . 0 7 0 1 .299 1 .159 
2 . 1 6 5 1 .285 1 .129 
113 .15°K ( S i n o r f - 8 7 \ e t a_ ' ) 
1 .333 1 . 1 9 1 1,. 107 
1 .379 1 .227 1 .120 
I . U 2 5 1.262 1.132 
1 .515 1 .330 1 .153 
1 .561 1 .363 1..163 
1 .606 1 .396 1 .171 
1 .650 1.U27 1 .179 
1 .695 I . U 5 8 1 .186 
I . 7 U 1 1 . U88 1 .192 
133 .15°K ( S i n o r e t a l . 8 ? ) 
1 .200 1 .137 1., 116 
1 .250 1 .172 1 .133 
1 .289 1 .201 1..1UU 
1.322 1 .227 1 .152 
1 .350 1 .251 1 .159 
1 .375 1 .273 1 .163 
1 .392 1 .295 1 .167 
l . U l 8 1 .316 1 .171 
1.U37 1 .336 1 .173 
I .U5U 1 .355 1 .175 
I . U 7 0 1 .373 1 .176 
I . U 8 5 1 .391 1 .177 
153 .15°K ( S i n o r e t a l 8 ? ) 
1 .115 1 .192 1 .175 
1.1UU 1 .237 1.20U 
1 . 1 7 1 1 .268 1 .219 
1 .192 1 .291 1 .226 
1 .222 1 .309 1 .228 
1.2U6 1.32U 1 .227 
1 .270 1 .336 1.22U 
1 .209 2.8U 
1.3U2 U.81 
1.UU0 6 . 6 5 
1 .510 8.U8 
1.56U 1 0 . 1 7 
1 . 6 1 1 1 1 . 5 9 
1 .658 1 2 . 7 0 
1 .705 1 3 . 6 0 
1 .293 O.65 
1 .360 0.8U 
1.U29 1.02 
1 .568 1 .36 
1 .639 1 . 5 1 
1 .711 1 .65 
1 .783 1 .79 
1 .855 1.9U 
1 .928 2 . 0 7 
1 .161 0 . 2 9 
1 . 2 2 1 0.U7 
1 .279 0 . 6 5 
1 .335 0.8U 
1 .390 1.02 
1.UU5 1 .20 
1 .500 1 .35 
1 .556 1 .50 
1 .611 1 .65 
1 .667 1 .80 
1 .722 I . 9 U 
1 .779 2 . 0 6 
1 .206 0 . 6 7 
1 .275 1.0U 
1 .335 l . U o 
1 .390 1 .76 
1.UU1 2 . 1 3 
1.U90 2.U8 
90 .   .  1.537 2.82 
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Table 27 (continued) 
P , atm 0 ( e x p ) 0 (LJCL) 0 (LJCLA) 0 (KIH) 100x 2 
100 1 .293 1.31+6 1 .219 1.581+ 3 . 1 3 
110 1 .316 1 .356 1.211+ 1 .630 3.1+1 
120 1 .339 1,361+ 1 .209 1.676 3 .66 
130 1 .362 1.372 
173.15°K ( S i n o r e 
1 .203 
t a l . 8 7 ) 
1 . 721 3 . 9 0 
1+0 1 .183 1 .175 1 .167 1 .171 1 .08 
50 I . 2 5 6 1.21+8 1 .230 1 .259 I . 8 3 
6o 1 .311 1 .297 1.261+ 1 .331 2 . 5 9 
70 1 .357 1 .329 1 .282 1.392 3 .32 
80 1 .396 1 .352 1 .290 1.1+1+7 3 . 9 7 
90 1.1+30 1 .368 1 . 2 9 1 1.1+98 I+.56 
100 1.1+61 1 .377 I . 2 8 5 1 .5^3 5 .15 
110 I.I+87 1.382 1 .277 1 .585 5 . 7 1 
120 1 .512 I . 3 8 3 I . 2 6 5 I.62I+ 6 . 2 5 
130 1 .535 1 .381 
188 .15°K ( S i n o r e t 
1 .252 
a ! . 8 7 ) 
1 .659 6 . 7 8 
50 1 .150 1 .085 1.081+ 1 . 0 8 1 1 .33 
6o 1.275 1.162 1 .156 1.162 2 . 9 0 
70 1 .375 1 .213 1 .198 1 .226 1+.1+8 
80 I.I+65 1.21+2 1 .217 I . 2 7 6 6 . 0 5 
90 1 .550 I . 2 5 6 1 .221 1 .315 7 . 5 ^ 
100 1 .630 1 .266 1 .219 1 .351 8.78 
110 1 .707 I . 2 6 7 1 .209 1.382 9.96 
120 1.781+ 1 .261 1 .193 1.1+05 11.11+ 
130 1 .857 1 .251 
139 .83°K (Heck and 
1 .173 
IT 2 8 ^ 
Hiza ) 
I .U25 1 2 . 2 8 
1+0 1 .170 1 .213 1.161+ 1 .280 0 . 8 1 
6o 1.222 1 . 2 6 1 1 .178 1 .389 1 .21 
80 1.261+ 1 .300 1.181+ I.I+9I+ 1 .59 
100 1.302 1 .335 I . . I 85 1 .599 I.9I+ 
120 1 .338 1 .365 1.181+ 1 .703 2 . 2 6 
ll+O 1 .375 1 .393 I . I 8 1 1 .806 2 . 5 8 
160 1.1+10 1.1+17 I . . I 76 1 .909 2 . 8 7 
180 1.1+1+5 1.1+1+0 1 .170 2 . 0 1 3 3 . 1 5 
200 1.1+80 1.1+61 1.161+ 2 . 1 1 6 3 .^2 
Solid phase assumed to be pure methane 
152 
Table 28. Smoothed Experimental Theoretical Enhancement Factor 
of Nitrogen in Helium and the Smoothed Experimental 
Solubility of Helium in Liquid Nitrogen 
P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KIHQ) 100x2 
6U.9°K (Rodewald e t a l . 8 0 ) 
10 I.65O 1.1^-0 1.113 1.159 0.1U0 
20 2.235 1.282 1..223 1.323 0.275 
30 2.785 1.^35 1.338 1.503 0.399 
ko 3.318 1.598 1.A59 I . 6 9 9 0.505 
50 3.830 1.773 1.585 1.912 0.600 
60 ^.319 1-959 
69-3°K (Rodewald 
1.715 
, , 80x 
e t a l . ) 
2.1^1 O.678 
10 1.226 1.127 1.105 1.1^5 0.173 
20 1.U65 1.2U8 1.199 1.287 0.3^5 
30 I . 6 9 8 1.376 I .296 l.Mj-0 0.502 
ko 1.928 1.512 1..397 1.605 O.65O 
50 2.152 I . 656 1.501 1.781 0.778 
60 2.382 1.807 1.609 1-971 0.882 
70 2.615 1.967 
77-2°K (Rodewald 
1.720 
e t a l . 8 0 ) 
2.173 0.963 
10 1.100 1.11.8 1.102 1.13^ 0.222 
20 1.189 1.215 1.178 1.251 OA55 
30 1.260 1.316 1.255 1.373 0.682 
ko 1.319 1.U20 1.333 1.502 O.895 
50 1.370 1.529 1.A13 1.639 1.09^ 
60 1.U18 1.6U2 1 . k9k 1.78U 1.266 
70 i.k6k I.76O 
77-0°K (DeVaney e 
1.578 
*t a l . 1 8 ) 
1-937 1.U09 
20 1.1U5 1.217 1.180 1.253 0.308 
ko 1.291 1.U26 1.338 1.508 0.628 
60 1.^37 I.65.I 1.501 1.79^ 0.9^5 
80 1.582 1.893 I . 6 7 1 2.111 1.265 
100 1.726 2 .15^ I.8U7 2.k6k 1.580 
120 I .872 2 . k32 2.029 2.853 I.89O 
1U0 2.015 2.727 2.215 3.280 2.198 
Table 28 (continued) 
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P, a tin 0 (exp) 0 (UCL) 0 (LJCLA) 0 (KIHQ) 100x2 
80.0°K (DeVaney e t a l . 1 8 ) 
20 1.177 1.212 1.179 1.246 0.380 
4o 1.316 1 . 4o4 1.324 1.484 0.787 
60 1.450 1.610 1.474 1.747 1.195 
80 1.580 1.830 I .629 2.039 i . 6 o 4 
100 1.711 2.066 1.789 2.361 1.982 
120 1.842 2.316 1.953 2.716 2.358 
l 4 0 1.973 2 . 581 
85.0°K (DeVaney 
2.121 
e t a l . 1 8 ) 
3.106 2.728 
20 1.183 1.208 1.181 1.239 0.453 
4o 1.301 1.383 1.314 1.458 1.026 
6o l.kl6 1.566 1.448 1.696 1.568 
80 1.531 1.759 1.583 1.956 2.119 
100 1.645 1.963 1.721 2 . 2 4 l 2.652 
120 1.758 2.178 1.862 2.555 3.185 
l 4 0 1.873 2.4-05 
90.0°K (DeVaney 
2.006 
e t a l . ) 
2 .899 3.715 
20 1.126 1.209 1.187 1.235 0.590 
4o 1.268 1.375 1.315 1.444 1.305 
6o 1.407 1.543 1.438 1.666 2.010 
80 1.542 I . 718 I.56O 1.906 2.710 
100 1.677 1.900 1.683 2.169 3.395 
120 1.810 2.092 1.808 2.457 4.070 
140 1.944 2.293 
95.0°K. (DeVaney 
1.934 
e t a l . 1 8 ) 
2 .774 4.750 
20 1.105 1.209 1.192 1.229 0.730 
ko 1.237 1.379 1.327 1.442 1.650 
6o 1.358 1.542 1.447 1.660 2.520 
80 1.496 1.708 1.562 1.893 3.375 
100 1.623 1.879 I . 676 2.148 4.235 
120 1.748 2.057 1.789 2.429 5.065 
l 4 0 1.875 2.248 
100.0°K (DeVaney 
1.907 
e t a l . 1 8 ) 
2.749 5.785 
20 1.084 1.200 I . 1 8 9 1.214 0.720 
ko 1.212 1.388 1.343 1.443 1.890 
6o 1.338 1.553 1.465 1.663 3.050 
80 1.463 1.715 1.577 1.898 4.165 
100 1.586 1.881 I . 6 8 5 2.155 5.215 
120 1.708 2.053 1.792 2.444 6.205 
l 4 0 . 1.830 2.237 1.900 2.783 7.100 
Table 28 (continued) 
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P, a tan 0 (exp) $ (LJCL) 0 (LJCLA) 0 (KIHQ) 100x2 
105 .0°K (DeVaney e t a l . ; 
Uo 1.231 1.396 1.358 1.^39 2.1U0 
60 1.362 1.575 I.U9U I .678 3.57 
80 I.U90 1. 7kk 1.608 1.927 U.98 
100 I.61U 1.911 1.713 2.203 6 .33 






e t a l . ; 
8.53 
^0 1.288 1.391+ 1.363 1.^23 2.U0 
60 1.U3U 1.602 1.523 1.693 U.25 
80 1.562 __•* 1.6U8 — 6.02 
100 I . 6 8 5 - - 1.758 - - 7.62 
120 1.806 __ 1.865 - - 8.96 
1U0 I.92U 
115 .0°K (DeVaney <- -i
 l 8 v e t a l . ; 
10.03 
Uo 1.328 __ 1.383 2 .60 
60 1.513 __ __ - - 5.00 
80 1.659 - - - - - - 7.17 
100 1.783 __ - - - - 9.0U 
120 1.92U - - - - - - 10.73 
1U0 2.053 - - - - - - 12.02 
120 .0°K (DeVaney e t 1 l 8 \ a.1. >, 
ko 1.275 . , 2 .60 
60 1.50^ - - - - -- 5.9^-
80 1.688 — -_ — 8.8U 
100 1.866 - - - - 11.06 
120 2.038 __ ._ - - 12.86 
1U0 2.210 - - .._ - - 1U.26 
* The blank spaces indicate lack of convergence of theoretical calcu-
lation 
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Table 29. Smoothed Experimental, Theoretical Enhancement Factor 
of Oxygen in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Oxygen 
P , a tin 0 ( e x p ) 0 (LJCL) 0 (LJCLA) 0 (KIH) 100x 
69 .9°K ( B a r r i c k and He r r i ng - 5 ) 
20 1 .260 1 .228 1 .228 1 .266 o.o48 
1+0 1 .500 1 .480 1 .480 1 .569 0.094 
60 1 .722 1 .759 1 .759 1 .915 o.i4o 
80 1 .9^7 2 . 0 b 4 2 . 0 6 4 2 . 3 0 4 0.185 
100 2 . 1 9 0 2 . 3 9 5 2 . 3 9 5 2 . 7 3 7 0.230 
120 2.1+68 2 . 7 5 0 2 . 7 5 0 3 . 2 1 4 0.272 
i4o 2 . 7 7 7 3 . 1 2 7 1 .127 3 .732 0.312 
160 3 . 1 1 8 3 • 521 3 . 5 2 1 4 . 2 8 8 0.352 
180 3 . 4 8 5 3 . 9 2 9 3 . 9 2 9 4 . 8 7 7 0.386 
200 3 . 8 7 8 4 . 3 4 3 
75 .9°K ( B a r r i c k 
4 . 3 ^ 3 
and Her r ing - 5 ) 
5 .492 o.4io 
20 1 .211 I . 1 8 9 I . I 8 9 1 .223 0.075 
4o 1 .421 1 .389 1 .389 1 .466 0.155 
60 1 .628 1 .605 1 .605 1 .735 0.229 
80 1 .842 1 .837 1 .837 2 . 0 3 2 0.296 
100 2 . 0 6 8 2 . 0 8 4 2 . 0 8 4 2 . 3 5 7 0.360 
120 2 . 2 9 8 2 . 3 4 6 2 . 3 4 6 2 . 7 0 8 0.425 
i4o 2 .531 2 . 6 2 0 2 . 6 2 0 3 . 0 8 5 0.488 
160 2 . 7 6 6 2 . 9 0 5 2 . 9 0 5 3 . 4 8 ? 0.547 
180 3 . 0 0 5 3 . 1 9 9 3 . 1 9 9 3 . 9 1 1 0.598 
200 3*242 3 -499 
89 .98°K ( B a r r i c k 
3 . 4 9 9 
. and H e r r i ng-5) 
4 . 3 5 3 0.635 
20 l . l 4 5 1 . 1>47 1 .147 1 .173 0.162 
1+0 1 .278 1 .278 1 .278 1 .337 0.333 
60 1 .402 1 . 4 l 5 1 .415 1 . 5 1 1 0.500 
80 1 .520 1 .557 1 .557 1 .697 0.660 
100 1 .636 1 .70k 1 .704 1 .895 0.805 
120 1 .760 1 .857 1 .857 2 . 1 0 4 0.952 
i4o I . 8 9 O 2 . 0 1 6 2 . 0 1 6 2 . 3 2 6 1.095 
160 2 . 0 3 5 2 . 1 7 9 2 . 1 7 9 2 . 5 5 9 1.235 
180 2 . 2 0 5 2 -345 2 . 3 4 5 2 . 8 0 2 1.461 
Table 29 (continued) 
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P, atm 0 (exp) 0 (LJCL) 0 (LJCLA) 0 (KIH) IOOX, 




































































































11+3.93 K (Barr ick and Herring-5) 



















































*• The "blank spaces i n d i c a t e l ack of convergence of t h e o r e t i c a l c a l cu -
l a t i o n s 
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APPENDIX G 
THEORETICAL ENHANCEMENT FACTOR OF OXYGEN IN HELIUM 
The LJCL model, with the conventional combination rules defined 
by Equations (lV-19) and (lV-2l), gives good agreement between the cal-
culated and theoretical Enhancement Factors for the helium-oxygen system. 
This model provides a convenient method for the interpolation or 
extrapolation of the Enhancement Factor for this system. Thus, the 
Enhancement Factor of oxygen in helium has been calculated at five-degree 
intervals from 60 to 135 K, and at 20 atmosphere intervals from 20 to 200 
atmospheres. The solubility of helium in oxygen was obtained by graphical 
interpolation. The results are presented in Table 30. The assumption 
of ideal liquid solution is made in these calculations. 
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Table 30. Theoretical Enhancement Factor of Oxygen 
in Helium Calculated wi^h the LJCL Model 
P , atm 20 1+0 60 80 100 120 li+o 160 180 200 
0 
100 y x 
100 x p 
1.336 
0.01+8 
0 . 0 1 5 
1 .738 
0 . 0 3 1 










0 . 0 6 0 
65°K 
1+.070 I+.857 5 .736 6 . 7 1 3 7 . 7 9 ^ 
0.021+ 0 . 0 2 5 0 . 0 2 6 0 . 0 2 7 0 . 0 2 8 





0 . 0 3 1 
1 .586 
0 . 0 9 1 
0 . 0 5 5 




0 . 0 6 7 
0 . 1 0 0 
2 . 7 7 9 
0.061+ 
0 . 1 5 0 
3 . 2 5 8 
0 .062 
0 . 1 6 0 
3 . 7 7 1 
0 .062 
0 . 1 8 0 
1+.313 
0 .062 
0 . 2 1 0 
1+.877 
0 .062 
0 . 2 3 0 
5 . ^50 
0 . 0 6 3 
0 . 2 5 0 
70°K 
0 
100 y i 
1 .227 
0 . 3 7 7 
100 x0 0 . 0 5 0 
1.1+78 1 .756 2 . 0 6 0 2 . 3 8 9 2.7I+2 3 . 1 1 6 3 . 5 0 9 3 . 9 1 ^ ^ . 3 2 5 
0 . 2 2 7 0 . 1 8 0 O.158 0 . 1 ^ 7 O.ll+O 0 . 1 3 7 0 . 1 3 5 O.13I+ 0 . 1 3 3 
0 . 0 9 5 0 . 1 5 0 O.180 0.21+0 0 . 2 6 0 0 . 3 2 0 O.3I+O 0 . 3 7 0 0.1+20 
75°K 
0 
100 y i 
100 x 2 
0 
100 y i 
100 x 
1 . 1 9 ^ 
O.85I+ 
0 . 0 7 0 
1 . 1 7 1 
1 .737 
0 . 0 9 5 
1 .^01 




0 . 2 0 0 
1 .625 
0 . 3 8 7 
0 . 2 2 0 
1 .530 
0 . 7 5 7 




2 . 1 2 3 
0.301+ 




0 . 3 9 0 
1 .935 
0 . 5 7 ^ 
0 . ^ 8 0 
2 . 3 9 6 
0 . 2 8 5 
0.1+00 
2 . 1 5 ^ 
0 . 5 3 3 
0 . 5 6 0 
2 . 6 8 2 
0.271+ 
0.1+70 
2 . 3 8 2 
0 . 5 0 5 
0.6I+0 
2 . 9 8 1 
0 . 2 6 6 
0 . 5 0 0 
2 . 6 1 9 
0.1+86 
0 . 7 1 0 
3 . 2 8 9 
0 . 2 6 1 
0 , 5 6 0 
2 . 8 6 2 
0.1+72 
0 . 8 0 0 
3 . 6 0 0 
0 . 2 5 7 
0.6I+0 
3 . 1 0 9 
0.1+61 
0 . 9 0 0 
85°K 
0 
100 y i 
100 Xo 
I . . I 5 6 
3.21+1 
0 . 1 2 5 
1 .305 
1 .830 





l . l l + l 
0 . 5 2 0 




0 . 9 2 6 
0.71+0 
2 . 1 6 9 
0 . 8 6 9 
0 . 8 5 0 
2 . 3 6 3 
0 . 8 2 8 
0 . 9 5 0 
2 . 5 6 1 
0 . 7 9 8 
1 .100 
2.761+ 







100 xp 0 . 1 6 0 
1 .278 1.1+11+ 1 .556 1.701+ I . 8 5 7 2 . 0 1 5 2 . 1 7 8 2.3I+5 2 . 5 1 6 
3 . 1 3 6 2 . 3 1 3 I . 9 0 9 1 .672 1 .519 l.!+12 1 .336 1 .278 1 .235 
0.31+0 0„530 0 . 6 8 0 0 . 8 2 0 0 . 9 5 0 1 .100 1 .250 1.1+50 1 .610 
Table 30 (continued) 
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1.143 1.261 1.381 1.506 1.635 1.767 1.904 2.044 2.187 2.337 
y 1 9.208 5.080 3.710 3.033 2.634 2.373 2.191 2.058 1.958/ 1.883 
x 2 0.200 0.425 0.665 0.860 1.020 1.210 1.400 1.620 I .850 2.040 
100°K 
1.143 1.252 1.361 1.472 1.587 1.704 1.824 1.946 2.073 2.205 
y-L 14.33 7.854 5.690 4 .6 l6 3.982 3.562 3.269 3.052 2 
0 
100 1 .  .  .  . l  .  .  .  .  .889 2.767 
100 x'p 0.245 0.510 0.815 1.090 1.260 1.520 I.76O 2.050 2.340 2.550 
105 K 
0 1.144 1.249 1.350 1.451 1.556 1.660 I . 768 I . 878 1.991 2.111 
100 y 21/37 11.67 8.409 6.778 5.815 5.170 4.719 4.387 4.135 3-946 
100 x ? rf.295 0.610 0.990 1.350 I.56O 1.930 2.220 2.540 2.880 3.130 
110°K 
0 1.143 1.251 1.347 1.441 1.539 1.633 1.731 1.832 1.935 2.047 
100 y 1 30.66 16.77 12.04 9.660 8.252 7.296 6.632 6.140 5.766 5.488 
100 xQ 0.350 0.710 1.180 i . 6 4 o 1.910 2.4oo 2.750 3.130 3.520 3.800 
115 K 
0 1.138 1.255 1.350 1.440 1.533 1.620 I .712 1.805 1.901 2.005 
100 y 42.42 23.38 16.78 13.42 11.43 10.06 9.144 8.409 7-874 7.474 
100 xP 0.405 0.820 1.380 1.960 2.330 2.920 3.350 3-800 4.240 4.580 
120UK 
0 1.123 1.258 1.358 1.447 1.537 1.620 1.707 1.795 1-886 1.985 
100 y 56.60 31.71 22.82 18.24 15.49 13.61 12.29 11 .31 10.56 10 .01 
100 xP 0.465 O.930 1.590 2.320 2.820 3.510 4.020 4.560 5.070 5.480 
12 5 K 
0 1.091 1.256 1.367 1.459 1.549 1.630 1.714 1.799 1 I .982 
100 y.. 72.69 41.83 30.35 24.29 20.63 18.09 16 .31 14.97 13.96 13.20 
100 Xp O.525 1.045 1.8.10 2.720 3.370 4.180 4.820 5.450 6.040 6.530 "2 
i6o 
Table 30 (continued) 
P, atm 20 40 60 80 100 120 l40 l60 180 200 
130 K 
0 1.038 1.243 1.373 1.1+73 1.566 1.648 1.732 1.812 1.900 1.991 
100 y 89.53 53.61 39-^9 31.76 27.02 23.69 21.34 19-54 18.21 17.17 
100 x 2 0.590 1.165 2.035 3.150 4.000 4.970 5.7^0 6.550 7.200 7.850 
135°K 
0 1.213 1.372 1.487 I . 588 1.674 1.756 1.830 I.91U I .996 
100 y-L 66.54 50.20 40.78 3^.85 30.61 27.52 25.10 23.34 21.90 
100 x p 1.290 2.260 3.600 4.700 5.850 6.87O 7.920 8.750 9.65O 
i6i 
APPENDIX H 
LEAST-SQUARES FIT OF B±2 TO LENNARD-JOKES 
(6-12) PARAMETERS 
The B „ data for the helium-carbon dioxide, -argon, -methane, 
-nitrogen, and -oxygen systems are presented in Tables 3> +̂> 55 7? and 
8 in Chapter V. These data were least-squares fitted (by the method 
developed by Ziegler and Mullins ) to the Lennard-Jones (6-12) 
parameters. The three cases considered were: 
(i) Both (e/k) 0 and (b ) _ allowed to vary to fit the B 9 data 
'12 o'12 12 
(ii) With (e/k) fixed at the geometric average, (b ) „ allowed 
to vary to fit the B _ data 
(iii) With (b ) fixed at the Lorentz average, (e/k) p allowed 
o'12 
to vary to fi t the B data 
12 
Tables 31 through 35 present the results when only B-.p data 
below 300 K -were used. Table 36 shows the results when all the B ~ data 
were used. 
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Table 31. Least-Square Fit of B-^ for the Helium-Cartion Dioxide 
System to LJCL (6-12) Parameters (T £ 300°K) 

















.) Case (iii) 
U2.873 
62.31 
180 10.9 ±5.0 10.8 12.2 9.1 
190 12.3 ±5.0 12.3 13-*+ 11.1 
200 13.5 ±5.0 13.6 ik.k 12.9 
220 15.7 ±5.0 15.8 16.1 15.9 
2̂ +0 17.6 ±5.0 17.7 17.5 18.1+ 
260 19.1 ±5.0 19.1 18.6 20.*+ 
280 20. k ±5.0 20. k 19.6 22.0 
300 21.5 ±3-5 21. k 20. k 23. *+ 
* (e/k) 9 in K, and ("b ) in cc/gm mole 
'12 ' x o'12 
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Table 32. Leas t -Squares F i t of B-^ f ° r the Helium-Argon 
System to LJCL (6-12) Parameters (T £ 300°) 
T-, j . -̂ . Bn _ Calcu la ted from F i t t e d Parameter 
_. Parameter* 12 ^__^ ^ _ _ ^ 
12 ' E r r o r , / / v Case ( i ^ Case ( i i ) Case ( i i i ) 
T cc/gm cc/gm ^ e / ; i 2 25.523 28.815 25.287 
'K mole mole (b ) 38.13 37.66 35-06 
65 -10.7 ±2.5 -11.1 -16.8 - 9.8 
70 - 7.8 ±2.5 - 7.9 -13.1 - 6.9 
75 - 5.2 ±2.5 - 5.2 -10.0 - k.k 
80 - 2.9 ±2.5 - 2.8 - 7.3 - 2.3 
85 - 1.0 ±2.5 - 0.8 - 5.0 - 0.5 
90 0.8 ±2.5 0.9 - 2.9 l.l 
95 2.k ±2.5 2.5 - 1.1 2.5 
100 3.7 ±2.5 3.9 0.5 3.8 
110 6.1 ±2.5 6.2 3.1 5.9 
120 8.0 ±2.5 8.1 5.3 7.6 
130 9.6 ±2.5 9.6 7.1 9.0 
1U0 10.9 ±2.5 10.9 8.6 10.2 
150 12.1 ±2.5 12.0 9-9 11.2 
160 13.0 ±2.5 12.9 11.0 12.0 
170 13.8 ±2.5 13.7 11.9 12.7 
180 1U.5 ±2.5 l̂ .U 12.7 13.^ 
190 15.1 ±2.5 15.0 13.^ 13.9 
200 15.6 ±2.5 15.6 l*Kl Ik.k 
220 16. k ±2.5 16. h 15.1 15.2 
2^0 17.1 ±2.5 17.1 15.9 15.8 
260 17.7 ±2.5 17.7 16.6 16.3 
280 18.2 £2.5 18.1 17.2 16.7 
300 18.6 ±0.3 18.5 17.6 17.1 
* ( e / k ) i n K, (b ) p i n cc/gm mole 
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Table 33 . Leas t -Squares F i t of B-,p f o r the Helium-Methane 
System to LJCL (6-12) Parameter (T <: 300°K) 
B 1 2 ' 
cc /gm 
mole 
E r r o r , 
cc /gm 
mole 
P a r a m e t e r * 
(eA)1? 
<Vl2 
B p C a l c u l a t e d from F i t t e d P a r a m e t e r 
T 
°K 
Case ( i ) 
2 1 . 5 9 5 
5 0 . 6 1 
Case ( i i 
2 8 . 2 1 6 
3 2 . ^ 0 
.) Case ( i i i ) 
2 1 . 8 9 6 
6 0 . 6 6 
55 - 1 7 . 3 ± 3 . 0 - l l+ .7 - 2 1 . 7 - 1 8 . 6 
60 - 1 1 . 0 ± 3 . 0 - 9-8 - 1 7 . 2 - 1 2 . 6 
65 - 5 .5 ± 3 . 0 - 5 .7 - 1 3 . 5 - 7 . 6 
70 - 1.2 ± 3 . 0 - 2 . 3 -10.1+ - 3 ^ 
75 2 . 0 ± 3 . 0 0 . 7 - 7 . 8 0 . 1 
80 k.6 ± 3 . 0 3 . 1 - 5-6 3 . 1 
85 6 . 6 ± 3 . 0 5 . 3 - 3 . 6 5 .8 
90 8 . 3 ± 3 . 0 7 . 2 - 1 .9 8 . 1 
95 9-7 ± 3 . 0 8 . 8 - 0.1+ 1 0 . 1 
100 1 0 . 9 ± 3 . 0 1 0 . 3 0 . 9 1 1 . 9 
110 1 2 . 9 ± 3 . 0 1 2 . 8 3-2 11+.9 
120 1I+.6 ± 3 . 0 3.1+.8 5-0 1 7 . 3 
130 1 6 . 0 ± 3 . 0 1 6 . 1+ 6 . 5 1 9 . 3 
ll+0 1 7 . 2 ± 3 . 0 1 7 . 8 7 . 8 2 1 . 0 
150 1 8 . 2 ± 3 . 0 1 8 . 9 8 . 8 2 2 . ^ 
160 1 9 . 1 ± 3 . 0 1 9 . 9 9-7 2 3 . 6 
170 1 9 . 9 ± 3 . 0 2 0 . 7 1 0 . 5 2 ^ . 6 
180 2 0 . 6 ± 3 . 0 21.1+ 1 1 . 2 2 5 . 5 
* (e/k) p i n K, (b ) p i n cc/gm mole 
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Table 3k. Leas t -Squares F i t 
System to LJCL (6 
j . Parameter* 
1 2 ' E r r o r , , , . 
T cc/gm cc/gm ^ ' 12 
K mole mole (b ) _ 
N o '12 
75 1.2 ±2 • 5 
80 3.0 ±2 • 5 
85 k.6 ±2 .5 
90 6.1 ±2. • 5 
95 7.h ±2. • 5 
100 8.6 ±2, .5 
110 10.6 ±2. .5 
120 12.3 db2 • 5 
130 13-7 ±2, • 5 
ikO 1U.9 ±2 • 5 
150 15.9 ±2. • 5 
160 16.8 ±2. • 5 
170 17-5 d2. • 5 
180 18.2 ±2. • 5 
190 18.8 ±2. • 5 
200 19.3 ±2, • 5 
220 20.1 ±2. • 5 
2^0 20.7 42. • 5 
260 21.3 ±2. • 5 
280 21.8 ±2. 5 
300 22.1 ±2. 5 
of B-,2 f o r t h e Helium-Nitrogen 
12) Parameters (T £ 300°K) 
B p Calculated from Fitted Parameter 
Case (i^ Case (ii) Case (iii) 
21.56^ 25.093 21.917 
U3.08 ^7.17 UU.58 
0.6 - 5.6 0.0 
2.7 - 2.8 2.3 
k.6 - 0.3 k.2 
6.2 1.8 5-9 
7.6 3.7 7 A 
8.8 5-3 8.7 
10.9 8.1 10.9 
12.6 10. k 12.7 
1U.0 12.3 1U.2 
15-1 13.8 15.^ 
16.1 15.2 16.5 
16.9 16.3 17-3 
17-7 17.3 18.1 
18.3 18.1 18.7 
18.8 18.8 19.3 
19.2 19.5 19.8 
20.0 20.6 20.6 
20.6 21. k 21.2 
21.1 22.0 21.7 
21. k 22.6 22.1 
21.7 23.0 22. k 
* (e/k) in K, (b ) in cc/gm mole 
Table 35- Least-Sq uars^s Fit of B]_2 for the Helium-Oxygen 
System to LJCL (6-12) Parameter (T <; 300°K) 
^ Parameter^ 
12' Error, , A ̂  m / / e / k L n 
T GG/gm GG/gm ^ ' ' 12 
'K mole mole (b ) 
70 -12.1 ±2-5 
75 - 8.9 ±2.5 
80 - 6.3 ±2.5 
85 - k.O ±2.5 
90 - 2.0 ±2.5 
95 - 0.2 ±2.5 
100 1.3 ±2.5 
110 k.l ±2.5 
120 6.3 ±2.5 
130 8.0 ±2.5 
llj-0 9-5 ±2.5 
150 10.7 ±2.5 
B p Calculated, from Fitted. Parameter 
Case (i") Case (ii) Case (iii) 
27.959 27.92 27.960 
38.87 38.92 38.83 
-12,1 -12.0 -12.1 
- 9.0 - 8.9 - 9.0 
- 6.3 - 6.3 - 6.3 
- k.O - 3.9 - k.O 
- 2.0 - 1-9 - 2.0 
- 0.2 - 0.1 - 0.2 
1.4 l.k l.k 
k.l k.l k.l 
6.2 6.3 6.2 
8.0 8.0 8.0 
9.5 9-5 9.5 
10.7 10.8 10.7 
•* (e/k) p in K, (b ) p in cc/gm mole 
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Table 36. Least-Squares Fit of B 1 2 £°
T the Helium-Carbon Dioxide 
Argon, - Methane, -Nitrogen, -Oxygen Systems to LJCL 
(6-12) Parameters 
Case (i); Fit to both (e/k) and (b ) 




He-C02 180 - 350 
He-Ar 65 - 750 
He-CH^ 55 - 180 
He-Np 
He-0o 
75 - 750 
70 - 150 
Average Deviation 
(e/k)12 (h Q) 1 2 of Fit 
°K cc/gm mole cc/gm mole 
39-044 53.28 ±0.1 
25.531 38.30 ±0.1 
210595 50.61 ±0.9 
21.332 42.25 ±0.4 
27.959 38.87 ±0.0 
, _ _ _ 
Case (ii):* Fit to (bQ)12 with (e/k)12 = [(e/k)1(e/k)2] ' 
He-C02 180 - 350 
He-Ar 65 - 750 
He-CH^ 55 - 180 
He-H2 75 - 750 
He-0o 70 - 150 
3^.960 48.00 ±0.9 
28.815 38.25 ±2.0 
28.216 32.40 ±9.0 
25.093 M+.35 ±2.0 
27.920 38.92 ±1.0 
Case (iii): Fit to (e/k)12 with ( b ^ = l / S ^ ) ^ + ( b ^
1 / 3 ] 3 
He-C0p 180 - 350 
He-Ar 65 - 750 
He-CH, 55 - 180 
He-N2 75 - 750 
He-0o 70 - 150 
43.102 62.31 ±1.3 
25.250 35.06 ±1.1 
21.896 60.66 ±2.4 
21.903 44„58 ±0.8 
27.960 38.83 ±0.0 





The helium used, in th i s work was the high pur i ty grade from the 
U.S. Bureau of Mines. I t was obtained from the Air Reduction Company, 
which d i s t r ibu te s the gas. I t had a quoted pur i ty of 99-997 per cent. 
Carbon Dioxide 
The carbon dioxide used was the Coleman Instrument grade, obtained 
from the Matheson Company. It had a quoted purity of 99«99 Per cent. 
No extraneous peaks were observed when it was passed through the 
chromatograph, with helium as the carrier gas. 
Argon 
The argon used was obtained from the Air Products Company. It 
had a quoted purity of 99°995 per cent. No extraneous peaks were 
observed when it was passed through the chromatograph, with helium as 
the carrier gas. 
The results of the vapor pressure measurements on carbon dioxide 
and argon (Appendix A) tend to substantiate the purity of the materials 
used in this work. 
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